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Executive Summary 

 Leukemia, the most common type of pediatric cancer and a leading cause of 

disease-related death among children, represents a heterogenous group of clonal 

hematopoietic cell disorders.  These are classified into distinct types and subtypes by 

morphologic immunologic and genetic features. Acute lymphoblastic leukemia and acute 

myeloid leukemia are the two most common types affecting children, and the incidence 

of both has been increasing in recent years in the United States and other developed 

countries. The reasons for the increasing incidence are unknown but are commonly 

believed to be related to development and improved socioeconomic conditions.  

 Current evidence indicates that most leukemias originate through a multistage 

process involving a variable series of genetic alterations.  For most ALL and infant AML, 

the initial genetic change is a translocation or other abnormality that originates prior to 

the birth of the child. A second critical genetic event occurs postnatally that triggers the 

onset of the disease.  However, exposure to potent leukemia-inducing agents either 

prenatally or postnatally can be sufficient by itself to induce leukemia in an exposed 

child.  Ionizing radiation, various alkylating agents and topoisomerase II inhibitors have 

all been shown to cause leukemia in children.  While conclusive evidence on other 

environmental and industrial agents is currently unavailable, it would appear likely that 

agents that induce leukemia in adults would also be capable of inducing leukemia in 

children.  

 In recent years, a large number of biological markers (biomarkers) have been 

developed that are providing insights into the origins and progression of leukemia, and 

are allowing the identification of individuals who are at increased risk for developing the 

disease. These biological markers are often classified into three general categories – 

biomarkers of exposure, effect, and susceptibility.  Extensive efforts have been made 

over the past 20+ years to develop and validate biomarkers in each of these categories for 

many of the known and suspected leukemia-inducing agents.  In this report, numerous 

examples of the various types of biomarkers are provided, as well as illustrations of their 

application for monitoring human exposures to leukemia-inducing agents.  Of particular 

interest is the development of leukemia-related genetic biomarkers that is providing new 

insights into the progression of the disease, and is allowing individuals at particularly 
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high risk for developing leukemia to be monitored.  In addition, an increasing number of 

leukemia-related genetic polymorphisms and related risk factors are being identified.  

While significant progress has been made, the development of effective prospective 

biomarkers continues to be challenging, due in part to the heterogeneity of the disease 

combined with its rarity and variable onset.  It is hoped that continuing advances in 

genomic, proteomic and computational technologies as well as the development of new 

leukemia models using transgenic animals will provide additional tools that will improve 

future biomarker studies and facilitate the identification of at-risk children and adults.  

 

Introduction 

Overall incidence and trends 

 While uncommon, childhood leukemia still accounts for approximately 30% of all 

childhood cancers in the United States, and is a leading cause of disease-related death 

among children (Smith et al., 2005a; ACS, 2006).  The incidence of leukemia in children 

(36 per million) is similar to that seen in young to middle-aged adults (ages 20-44) but 

roughly one-tenth of that of adults aged 45 years and older, where the annual incidences 

increase with age from 144 to 545 per million (Xie et al., 2003; ACS, 2006).  Moreover, 

the incidence trends for adult and pediatric leukemias differ substantially.  While the 

overall trend for adult leukemia has declined, the incidence of childhood leukemias has 

increased noticeably in recent years, largely due to the prevalence of acute lymphoblastic 

leukemia (ALL) and acute myeloid leukemia (AML) in children which have increased by 

1.1% and 0.5% per year, respectively (Xie et al., 2003).  Similar increases have been seen 

across Europe and in other developed countries (Hrusak et al., 2002; Steliarova-Foucher 

et al., 2004).  Fortunately, there has been significant progress in treating childhood 

leukemias so that the five-year survival rate for the affected children is now 

approximately 80% (ACS, 2006).  

 

Description and Heterogeneity 

 Leukemia represents a group of hematopoietic cell disorders characterized by an 

uncontrolled proliferation or expansion of cells that do not develop or retain the capacity 

to differentiate normally and form mature blood cells (Sawyers et al., 1991). These 
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neoplasms represent clonal expansions of hematopoietic cells, almost always within 

either the myeloid or lymphoid lineage (Nowell, 1991).  Infrequently, some leukemias 

exhibit both myeloid and lymphoid characteristics and are known as biphenotypic 

leukemias (Russell, 1997).  Both myeloid and lymphoid clones are designated as chronic 

or acute leukemia, depending on the rate of clonal expansion and the stage of 

differentiation that dominates the leukemic clone (Nowell, 1991). Acute leukemias tend 

to have a rapid onset with a predominance of immature cells, whereas chronic leukemias 

have a more insidious onset and progress over a period of months or years to a blast or 

acute leukemic phase.  

 Using this basic classification, leukemias can be described as one of four major 

types – ALL, AML, chronic lymphoblastic leukemia (CLL), and chronic myeloid 

leukemia (CML).  Within these larger groupings, there are numerous subtypes that have 

unique characteristics, origins, and increasingly recognized, clinical significance.  These 

sub-types are generally classified according to morphologic, cytogenetic, 

immunophenotypic and more recently, molecular characteristics according to the French-

American-British (FAB) or World Health Organization classification systems (Head and 

Pui, 1999; WHO, 2001; Haferlach et al., 2005). The two major diagnostic categories, 

ALL and AML, can be further classified based upon cellular features.  Childhood ALL is 

subdivided by FAB morphology (L1, L2, and L3) and by immunophenotype (B-cell, 

early pre-B, pre-B, and T cell) (Bhatia et al., 1999).  Childhood AML is classified 

primarily by morphological characteristics into eight different subgroups (M0-M7) based 

upon the degree of maturation and myeloid lineage involved.  Similarly, the 

myelodysplastic syndromes (MDS) are a series of blood disorders characterized by 

maturation defects resulting in ineffective hematopoiesis. These syndromes, also 

classified by the FAB and WHO systems, are commonly considered as preleukemic 

because of a variable, but significant, proportion (1 to 33%) of the various disorders 

progress to frank leukemia (Wright, 1995; WHO, 2001; Hasle et al., 2003).  An outline of 

the primary types and subtypes of lymphohematopoietic diseases as classified by the 

WHO is shown in Table 1.  For convenience, a simplified classification scheme based 

largely on the FAB classification system is outlined in Table 2.   
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 ALL represents the predominant form of leukemia in children accounting for 

approximately 75% of all cases (Bhatia and Robison, 2003).  Of these, about 80% 

express cell surface markers indicative of a precursor B-cell lineage, 15-20% exhibit T-

cell markers, and 1 to 2% express a mature B cell phenotype (Esparza and Sakamoto, 

2005).  Of the remaining childhood leukemias, AML accounts for 15 to 20%, CML for 

5%, and CLL is only rarely seen in children.  The age-incidence rate for both ALL and 

AML among children is highest for those younger than 5 years of age but differs 

substantially for these two major types of leukemia.  In the United States and other 

developed countries, the age-incidence curve for ALL is characterized by a peak between 

the ages of 1 and 4 that is most pronounced among 2 to 3 year olds with a peak incidence 

(80 per million) that is four-fold higher than that of infants and nearly 10-fold higher than 

that of 19 year olds (Bhatia and Robison, 2003).  This unusual distribution is observed in 

other countries and has been attributed to factors associated with development and 

increasing socioeconomic conditions (Hrusak et al., 2002; Steliarova-Foucher et al., 

2004).  The observed peak in ALL has been reported to originate in the B-precursor cells, 

and genetically is believed to have the TEL/AML1 or hyperdiploid genotype (Sullivan, 

1993; Hrusak et al., 2002).   

 In contrast, the age-incidence rates for AML are highest in infancy (~10 per 

million), then decline after the first year of life, and become fairly similar for older 

children (5-6 per million) (Bhatia and Robison, 2003).  For CML, the overall incidence is 

much lower and the distribution is fairly uniform with age, ranging from 1.6 per million 

in children aged 1 to 4, to 1.2 per million in infants and 0.7 per million for those aged 10 

to 14 (Bhatia and Robison, 2003).   

 

Origins of leukemia 

 Acute leukemia is a clonal disorder of the hematopoietic system, arising in a 

single cell through a series of mutations that is passed on to its progeny cells. In most 

cases, the genetic alterations are acquired, with <5% associated with inherited genetic 

syndromes (Bhatia et al., 1999).  For example, 2.6% of children with leukemia in one 

British study were reported to have a recognized genetic condition, with Down syndrome 

children accounting for almost all of those observed (2.3%) (Bhatia and Robison, 2003).  
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In addition, there are a number of normal inherited polymorphisms typically in genes 

involved in xenobiotic metabolism, DNA synthesis or repair that may contribute 

indirectly to the risk of leukemia. The origin of childhood leukemia as well as major 

types of risk factors are described in more detail below.    

 

Genetic alterations 

 In addition to morphologic and immunophenotypic variability, adult and 

childhood leukemias also exhibit extensive genetic heterogeneity.  The common clonal 

cytogenetic changes include alterations in chromosome number such as loss or gain of 

one or more chromosomes (e.g monosomy 7 and trisomy 8, respectively), balanced and 

unbalanced chromosome translocations, deletions or inversions involving specific 

chromosomal regions as well as complex arrangements involving combinations of the 

above.  In some cases, these are a reflection of the genetic instability that is common in 

many types of cancers.  However in many cases, these are highly specific involving genes 

that are directly involved in the cancer process.  For example, the translocation between 

chromosomes 15 and 17 {t(15;17)(q22;q12-21)} that is characteristic of the 

promyelocytic form of AML (FAB M3) results in a fusion gene involving the PML gene 

on chromosome 15 and the retinoic acid receptor alpha (RARa) gene on chromosome 17.  

This hybrid gene blocks differentiation of the developing myeloid cells at the 

promyelocytic stage (Downing, 1999), a characteristic feature of the disease.  Listings of 

recurrent chromosomal changes seen in childhood ALL and AML are shown in Tables 3 

and 4.  As apparent from these Tables, there is considerable genetic heterogeneity in both 

lymphocytic and myeloid leukemias.  All of the major cytogenetically abnormal subtypes 

of leukemia present in children are also present in adults although the incidences in the 

two groups may vary.   

 In addition to these microscopically visible chromosomal alterations, mutations at 

the molecular level affecting specific cancer-related genes such as RAS, FTL3, GATA1, 

and TP53 have also been seen in leukemias at varying frequencies.  For example, 

mutations in genes of the receptor tyrosine kinase/RAS-BRAF signal transduction 

pathway are reported to be present in over 50% of de novo AML (Christiansen et al., 

2005).  These occur through many mechanisms including base pair substitutions, frame 
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shifts, internal tandem duplications, gene fusions and splicing errors {for examples in 

AML1, see (Roumier et al., 2003)}.  In addition, changes in methylation patterns in 

leukemia-related genes or their promoter regions have also been seen in pediatric 

leukemias (Zheng et al., 2004).  Examples of genes altered by mutation in various types 

of childhood leukemias are shown in Table 5.  To date, over 300 different genetic 

alterations and mutations have been identified (Kelly and Gilliland, 2002).  Indeed, a 

recent examination of alterations affecting the MLL gene, a cancer-related gene located at 

band 11q23, in pediatric and adult leukemias identified a total of 87 different 

rearrangements, primarily translocations, involving this one gene (Meyer et al., 2006).  

While most of the detected alterations are rare, certain translocations and genes are more 

prevalent, and are typically associated with specific leukemic subtypes (Bhatia et al., 

1999; Greaves and Wiemels, 2003).  Of particular note in children, are translocations 

involving the MLL gene which are found in approximately 85% of infant ALL and 50% 

of infant AML, and the t(12;21)(p13;q22) which forms the TEL-AML1 fusion gene that 

is present in ~20% of B-cell precursor ALL (Greaves and Wiemels, 2003).  

Hyperdiploidy is also present in approximately 35% of B-cell precursor ALL.   

 In recent years, researchers have begun to identify patterns among the myriad of 

translocations, gene arrangements, and point mutations involved in myeloid leukemias 

and have created a model for leukemogenesis (Deguchi and Gilliland, 2002; Kelly and 

Gilliland, 2002).  According to the current model proposed by (Kelly and Gilliland, 

2002), “AML is the consequence of a collaboration between at least two broad classes of 

mutations.  Class I mutations, exemplified by constitutively activated tyrosine kinases or 

their down stream effectors, such as BCR/ABL, TEL/PDGFβR, N-RAS, or K-RAS 

mutants, or constitutively activated FLT3, confer a proliferative or survival advantage to 

hematopoietic cells.  When expressed alone, these mutant genes confer a CML-like 

disease characterized by leukocytosis with normal maturation and function of cells.  

Class II mutations result in loss of function of transcription factors that are important for 

normal hematopoietic differentiation and include the AML1/ETO, CBFβ/SMMHC, 

PML/RARα, and NUP98/HOXA9 fusions as well as point mutations in hematopoietic 

transcription factors such as AML1 and C/EBPα.  These mutations would also be 

predicted to impair subsequent apoptosis in cells that do not undergo terminal 
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differentiation.  When expressed alone, these mutations may confer a phenotype like 

most MDS.  Regardless of the timing or order of acquisition of mutations, individuals 

who accrue both Class I and Class II mutations have a clinical phenotype of AML 

characterized by a proliferative and/or survival advantage to cells and by impaired 

hematopoietic differentiation.”  At this time, a similar unifying model has not been 

developed for lymphocytic leukemias.  However, given the involvement of genes 

common to both ALL and AML, a model for lymphoid leukemogenesis would be 

expected to involve as least some parts of the same model.  A more detailed model which 

will be presented in later section, has also been proposed by Pedersen-Bjergaard for 

therapy-related MDS and AML (Pedersen-Bjergaard et al., 1995; Pedersen-Bjergaard et 

al., 2002).   

 

Inherited genetic and familial risk factors: 

 A number of genetic syndromes have been shown to be associated with an 

increased risk of leukemia, most cases of which are observed in children (Bhatia and 

Robison, 2003). These include syndromes involving DNA repair deficiences such as 

ataxia telangiectasia, Bloom syndrome, and Fanconi anemia, defects leading to second 

mutations such as Schwachman syndrome, familial platelet disorder, amegakaryocytic 

thrombocytopenia, various tumor suppressor-related defects such as Down syndrome, Li-

Fraumeni and neurofibromatosis type 1 as well as a number with currently unidentified 

origins or functions (Segel and Lichtman, 2004).  Examples of inherited syndromes 

predisposing children to leukemia are shown in Table 6.  In spite of the large number of 

syndromes, only a very small proportion of leukemias result from an inherited mutation.  

The rarity may be related to the observation that individuals with inherited cancers tend 

to die before reaching reproductive age (Segel and Lichtman, 2004).  Of the leukemia-

predisposing syndromes, Down syndrome is among the most common occurring in 

approximately 1 of 800 live births (Hill et al., 2003).  Children with Down syndrome are 

at an elevated risk of developing both ALL and AML with a cumulative risk of 2.1% by 

age five and 2.7% by age 30 (Hasle et al., 2000; Hill et al., 2003).  Approximately 10% 

of children with Down syndrome are also born with a transient myeloproliferative 

disorder which resolves spontaneously within several months (Izraeli, 2006).  Among 
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those that develop AML, most (approximately 1% in total) develop acute 

megakaryoblastic leukemia (AML M7), a rare and unique form of AML.  Both the 

transient myeloproliferative disorder and the megakaryoblastic leukemia are 

characterized by a mutation in GATA1, a transcription factor that regulates 

megakaryocyte proliferation and differentiation (Izraeli, 2006). The ALL that develops in 

Down syndrome patients has a similar distribution that that seen in non-Down syndrome 

children with a median age distribution at 3-4 years (NCI, 2006).   

 

Prenatal origins of ALL and infant AML 

 Over the past ten years, substantial evidence has accumulated indicating that for a 

number of leukemic subtypes, the initial disease-related genetic alterations occur in utero. 

The initial evidence came from studies of identical twins with leukemia (Greaves et al., 

2003; Greaves, 2005).  Concordance rates for infants with ALL is very high (>50%) and 

exceeds the 10% seen in typical ALL and the <1% seen in adult ALL or AML (Greaves, 

2005).  Molecular and cytogenetic studies demonstrated that the leukemia-associated 

fusion genes occurring in most twins with concordant leukemia were identical.  Since the 

fusion gene breakpoints are random within the affected region in other ALLs, the induced 

alterations indicated that both leukemias developed from a single clonal cell that 

originated in one twin in utero and whose clonal progeny had spread to the other twin via 

placental anastomoses (Greaves, 2005).   

 Evidence for a prenatal origin for most non-twin cases of childhood leukemia was 

provided by a retrospective analysis of archived neonatal blood spots (Guthrie cards) 

from a series of pediatric leukemia patients.  The neonatal blood spots were evaluated 

using a polymerase chain reaction (PCR) technique for the presence the leukemia-

specific clonal fusion gene sequences for a series of children who had developed 

leukemia at various ages (McHale and Smith, 2004; Greaves, 2005).  In most cases, the 

fusion gene sequences unique to the leukemic clone were present within the blood spots 

collected at birth.  A similar prenatal origin has been reported for leukemias characterized 

by hyperdiploidy as well as genomic instability (Kempski et al., 2003; Maia et al., 2004).  

The presence of functional leukemia-related fusion genes has also been seen in cord 

blood samples (Mori et al., 2002).  In the studied cases, the onset of leukemia has been 
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quite variable.  In most, the leukemia developed with a relatively short latency (6 months 

for infant AML, and 2-5 years for childhood ALL).  However in several cases, there was 

more than a ten-year span between birth and the onset of the leukemia (Greaves, 2005).  

These results demonstrate that most cases of childhood leukemia are prenatal in origin.  

However, additional cellular and genetic changes must occur for pre-leukemic clone to 

develop into the overt leukemia, and the necessary changes can occur rapidly or take 

many years to develop.  Consistent with this two (or more) stage model, direct evidence 

for the presence of secondary postnatal genetic alterations has been seen in twin studies 

in which the paired samples share the identical initiating event but have distinctive 

secondary events, such as different TEL deletions or other chromosomal changes 

(Kempski et al., 2003; Greaves, 2005).   

 The concordance data in twins with ALL implies that for every child with ALL 

there should be a significant number of healthy children who were born with a clinically 

silent preleukemic clone (Greaves et al., 2003).  To determine if preleukemic cells could 

be detected in healthy children, Greaves and co-workers screened a series of unselected 

cord bloods for the presence of TEL/AML1 or AML1-ETO sequences using PCR 

techniques (Mori et al., 2002; Greaves and Wiemels, 2003; Greaves, 2005).  In confirmed 

positive cord bloods, they enriched, identified and counted cells with visible 

translocations using a combined fluorescence in situ hybridization 

(FISH)/immunophenotyping approach.  These results showed that approximately 1% of 

newborns had a TEL-AML1 positive B lineage clone and 0.2% exhibited an AML1-ETO 

positive clone.  The observed frequency is ~100-times the incidence of TEL-AML1 

positive ALL (~1 in 12,000) or AML1-ETO-positive AML (~1 in 80,000), and indicates 

that leukemia initiation by chromosomal alterations is far more common than suggested 

by the overall rarity of the diseases (Mori et al., 2002; Greaves and Wiemels, 2003; 

Greaves, 2005).  Other fusion gene sequences have also been seen in the nucleated blood 

cells of adults although the functional and clinical significance of these low copy 

sequences is uncertain (Mori et al., 2002).   

 These observations suggest a model for childhood leukemia in which the early 

genetic alterations or initiating events occur prenatally and are relatively common events 

(Greaves, 2005).  After birth, additional genetic changes need to occur to convert or 
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allow the expansion of the covert preleukemic clone into a clinically observable 

leukemia. These secondary postnatal events are believed to occur less frequently.  This 

model also implies that both in utero and postnatal exposures to environmental agents 

may play a role in the development of childhood leukemia.  

 

Etiologic agents 

 In spite of the large number of studies have been performed to understand the 

origins of childhood leukemia, the specific causes of most leukemias remain unknown.  

A number of environmental, demographic and genetic risk factors (listed in Table 7 by 

degree of certainty) have been associated with increased risk. Although some 

environmental agents have been implicated as playing a role, the number for which there 

is strong evidence or that are widely accepted is quite limited.  Three classes of etiologic 

agents – infectious diseases, ionizing radiation and chemotherapeutic agents - for which 

there is strong or increasing evidence of an association with childhood leukemia are 

briefly discussed below.   

 

Infection hypotheses 

 Infectious agents have long been suspected as playing a role in the etiology of 

pediatric leukemias, particularly childhood ALL.  Two major hypotheses have been 

advanced to explain how infections may contribute to childhood leukemias (McNally and 

Eden, 2004; Greaves, 2006): 1) Kinlen proposed that leukemia arises as a rare 

consequence of exposure to an as-yet-unrecognized, but relatively mild, infection and 

that an excess of childhood leukemia would be seen in locations that had an unusual type 

of population mixing; and, 2) As described above, Greaves proposed that precursor B-cell 

subtype of ALL occurs as a consequence of at least two independent mutations, one that 

occurs in utero and a second one that occurs later in childhood that precipitates the onset 

of the overt leukemia.  Greaves hypothesized that common infections have a crucial role 

in promoting the critical second mutation and/or proliferation.  According to his 

hypothesis, a delayed exposure to infection by an inadequately stimulated immune 

system could lead to an increase in the number of previously mutated preleukemic cells, 
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and increase the likelihood that the second critical mutation would occur (McNally and 

Eden, 2004; Ma et al., 2005).  

  To date, no specific virus has been definitively linked with childhood leukemia 

and there is no evidence of viral genomic inclusions within the leukemic cells (McNally 

and Eden, 2004).  Consequently, direct support is currently lacking for the Kinlen 

hypothesis.  However, there is support for some aspects of this hypothesis such as the 

association with population mixing and perhaps a less direct role for infection (Bhatia 

and Robison, 2003; Kroll et al., 2006).  It is important to realize that the Greaves and 

Kinlen hypotheses are not mutually exclusive, and since elements of each may contribute 

to individual cases, it may be difficult in many cases to distinguish between the two.  In 

recent years, substantial evidence has been generated in support of the Greaves 

hypothesis.  This includes studies showing that the risk of childhood leukemias is 

inversely associated with early daycare attendance, a history of early common infections, 

more crowded households, higher rates of immunization, a history of breastfeeding, and 

urban-rural population mixing (Martin et al., 2005; Greaves, 2006).   

 

Ionizing Radiation 

 As a consequence of its prominent medical, military and energy-related uses, 

large numbers of children and adults have been exposed to ionizing radiation and its 

adverse effects have been extensively documented (BEIR V, 1990; UNSCEAR, 1994; 

Weiss et al., 1995; Ron, 1998; Ron, 2003).  Exposure to ionizing radiation has been 

shown to result in numerous types of cancer including several types of leukemia as well 

as other adverse effects that are likely to be involved in leukemogenesis such as 

hematopoietic toxicity, immune suppression and genetic toxicity leading chromosomal 

and gene mutations. The strongest association between radiation and cancer has been 

seen for leukemia and it has been consistently seen in numerous population studies 

including those exposed through medical, military and environmental exposures (BEIR 

V, 1990; UNSCEAR, 1994; Weiss et al., 1995; Ron, 1998; Ron, 2003).  The actual risk 

of these malignancies following exposure to radiation appears to be complex and related 

to the type of radiation, the dose, the proportion of the body exposed, and the extent of 

cell killing and DNA repair (Curtis et al., 1994).  Host factors such as age, sex, genetic 
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make-up, and physiological condition of the exposed individuals can also influence the 

risk of radiation-induced leukemia.   

 Children, in particular, have been shown to be at an elevated risk for radiation-

induced leukemia as seen in the Life Span Study of the survivors of the atomic bombings 

in Hiroshima and Nagasaki.  Among the survivors, who were exposed to both gamma, 

and to a lesser extent, neutron radiation, the highest leukemia risks were seen in children 

(Preston et al., 1994; Preston et al., 2004).  Significant dose-related increases were seen 

for ALL, AML and CML, with the excess risks for ALL and CML being approximately 

100% higher in the exposed males than in the females.  When the leukemias were 

reclassified using the FAB classification scheme, all AML subtypes were present with a 

predominance of myeloblastic leukemias with and without maturation (M1 and M2) 

(Matsuo et al., 1988).  Among the ALL cases, most cases exhibited the L2 subtype but a 

significant portion also showed the L1 subtype.  Latency periods were shorter for those 

under 15 years of age with a leukemia peak at 5-7 years post exposure as compared to 

later peaks for those exposed at later ages (Kamada and Tanaka, 1983).  The leukemia 

risk also decreased more rapidly in the children as compared to those in older age groups. 

Overall, the risks to children were highest during the period from 1950 to 1965, and 

returned to near background levels thereafter (Preston et al., 1994).   

 Similarly, the use of radiation for medical purposes has been associated with 

increases in childhood leukemia. Increased risk of leukemia has been reported following 

the use of radiation for diagnostic tests, for the treatment of benign diseases, and 

following radiotherapy for cancer (Ron, 1998; Ron, 2003).  For hematopoietic and 

lymphoid tissues that are diffuse, a significant portion of the tissue must be irradiated to 

increase the incidence of neoplasia (Storer et al., 1982).  The leukemia risks from 

medical irradiation appear to have diminished in recent years due to a use of lower and 

more restricted doses as well as changes in therapeutic strategy in which high doses are 

applied within in limited fields.  High radiation doses (above 3-4 Gray) result in 

extensive killing of marrow-containing progenitor cells, and have been associated with a 

reduced risk of developing leukemia (Boice et al., 1987; BEIR V, 1990; Curtis et al., 

1994).  
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 The leukemia risks associated with in utero exposure to ionizing radiation have 

been the subject of numerous investigations and reviews (Delongchamp et al., 1997; Doll 

and Wakeford, 1997; Boice and Miller, 1999; Wakeford and Little, 2002).  As described 

by Doll and Wakeford (Doll and Wakeford, 1997), the consistent association that has 

been seen in many case-control studies, suggests that, in the past, a radiographic 

examination of the abdomen of a pregnant woman, particularly in the last trimester, 

produced an approximately 40% increased risk of leukemia in the child.  While generally 

accepted, this association continues to be controversial due to variety of concerns 

including recall bias, potential for confounding, and inconsistencies in the data (Doll and 

Wakeford, 1997; Boice and Miller, 1999).  Another concern is that no increase in 

childhood leukemia was seen among the atomic bomb survivors.  However, the expected 

number is quite small and within the confidence limits of other positive studies 

(Wakeford and Little, 2002).  It should be noted that an increase of borderline 

significance (p=0.054) in the death rate from leukemia was seen in adult atomic bomb 

survivors who were exposed in utero (Delongchamp et al., 1997).  However, the increase 

consisted of only two cases, who died at ages 18 and 30, and who were exposed to 

relatively low radiation doses.  

 

Chemotherapeutic agents 

 Following the initiation of intensive chemotherapy with genotoxic agents, an 

increase in therapy-related leukemia began to appear (Seiber and Adamson, 1975; 

Kantarjian and Keating, 1987; Levine and Bloomfield, 1992; Leone et al., 1999).  These 

leukemias, also known as treatment-related or secondary leukemias, consisted primarily 

of AML, although a small increase in therapy-related ALL has also been seen (Hunger et 

al., 1992; Andersen et al., 2001).  With increased periods of follow-up, increases in other 

types of solid tumors have also been observed (Tucker et al., 1988; Loescher et al., 1989; 

Boffetta and Kaldor, 1994; van Leeuwen et al., 1994).  Interestingly, no increase in 

childhood leukemia has been reported in children who were exposed to chemotherapeutic 

agents in utero (Aviles and Neri, 2001; Cardonick and Iacobucci, 2004).  In a few cases, 

infants whose mothers underwent chemotherapy late in pregnancy were born with mild to 

severe cytopenias, but no resulting leukemias have been reported (Garcia et al., 1999; 
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Cardonick and Iacobucci, 2004).   

 Over time as new agents and therapeutic strategies have been employed, 

additional agents have been recognized as inducing leukemia in humans. Indeed, 

chemotherapeutic drugs comprise the largest group of agents generally recognized as 

human leukemia-inducing agents (Table 8). Currently, therapy-related leukemias 

constitute ~10% of the leukemia cases seen at major medical institutions (Pedersen-

Bjergaard et al., 1995; Leone et al., 1999).   

 The identification of specific agents involved in leukemogenesis and the 

interpretation of many of the studies can be challenging due to the use of multiple 

therapeutic agents, varying dosing regimens, concurrent use of radiotherapy, and variable 

periods of patient follow-up. Over time, two main classes of leukemogenic 

chemotherapeutic drugs have been identified—alkylating agents and topoisomerase II 

inhibitors (Pedersen-Bjergaard and Philip, 1991; Pedersen-Bjergaard and Rowley, 1994).  

Chemotherapeutic drugs from these two classes are also leukemogenic in children, and 

will be briefly discussed in the following sections.   

  

Alkylating agent-related leukemias 

 A large number of studies have demonstrated that patients treated with alkylating 

agent-based chemotherapy are at an increased risk of MDS and AML (Levine and 

Bloomfield, 1992; Pedersen-Bjergaard and Rowley, 1994; Smith et al., 1994).  These 

risks have been seen for both children and adults and are strongly related to the 

cumulative dose of the alkylating agent (Pedersen-Bjergaard and Philip, 1987; Tucker et 

al., 1987; Hunger et al., 1992; Pedersen-Bjergaard et al., 2000; Pyatt et al., 2005).  The 

administered agents also exhibit varying degrees of hematopoietic toxicity, 

immunotoxicity and genotoxicity, which can also be affected by the agent, dose, and 

route of administration (Gale, 1988; Ferguson and Pearson, 1996; Sanderson and Shield, 

1996).  The incidence of treatment-related MDS and AML (t-MDS/t-AML) in adults has 

been reported to range from 1% to >20% (Felix, 1998).  The incidences reported in 

childhood cancer patients have generally been lower ranging from approximately 0.6% to 

4.2% in children treated for Hodgkin disease (Levine and Bloomfield, 1992; Barnard et 

al., 2002).  The 4.2% actuarial increase for Hodgkin disease corresponds to a relative risk 
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of 140.  Whether these differences reflect fundamental differences in susceptibility or 

simply differences in reporting, treatment regimens, etc., is not clear.  However in 

general, the increased risks of leukemia seen in children following treatment with 

alkylating agents do not appear to be greater than those seen for similarly treated adults, 

and in some cases may be less (Levine and Bloomfield, 1992; Pyatt et al., 2005).  There 

is also some evidence that the risk to young children may be less than that seen for older 

children (Pui et al., 1990; Jenkinson et al., 2004; Pyatt et al., 2005), although this 

relationship has not been seen in other studies (Tucker et al., 1987).  The increases in this 

type of therapy-related leukemia generally appear 1 to 2 years after treatment and may 

remain elevated for 8 or more years following the completion of chemotherapy 

(Pedersen-Bjergaard and Philip, 1991).   

 In adults, leukemias induced by alkylating agents exhibit characteristics that allow 

them to be distinguished from de novo leukemias, and those induced by topoisomerase II 

inhibitors (Pedersen-Bjergaard and Rowley, 1994; Eastmond et al., 2005).  These 

leukemias are typically myeloblastic with or without maturation (FAB M1 and M2 

subtypes), and are characterized by trilineage dysplasia and clonal unbalanced 

chromosome aberrations, most commonly involving loss of the entire chromosome or 

part of the long arms of chromosomes 5 and 7 (-7, 7q-, -5, 5q-).  These t-AML have a 

modal latency of ~5 years, and the onset of the actual leukemia is often proceeded by 

myelodysplasia.  These patterns have been identified largely from studies of adults, but 

there is supportive evidence that t-AML induced by alkylating agents in children also 

exhibits these characteristics (Rubin et al., 1991; Barnard et al., 2002).  It should be noted 

that AML induced by ionizing radiation tends to exhibit similar features (MDS, clonal 

unbalanced chromosomal aberrations, etc.) although the range of the induced FAB 

subtypes tends to be broader (Matsuo et al., 1988; Philip and Pedersen-Bjergaard, 1988; 

Gundestrup et al., 2000).  

 

Topoisomerase II inhibitor-related leukemias 

 In the late 1980s, a new type of therapy-related leukemia was recognized that 

exhibited unusual features that differed from those previously seen following treatment 

with alkylating agents and radiation (Pui et al., 1989; Pui and Relling, 2000).  The 
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affected patients had been treated with etoposide or teniposide, two of a newly developed 

epipodophyllotoxin class of chemotherapeutic agents (Pedersen-Bjergaard and Philip, 

1991).  In the ensuing years, these epipodophyllotoxins have become widely used, 

especially for treating childhood cancers, and a large number of studies have been 

published establishing an association between treatment with these drugs and the 

subsequent development of leukemia (Haupt et al., 1993; Smith et al., 1994; Pedersen-

Bjergaard et al., 1995; Pui and Relling, 2000).  

 The leukemia risk following epipodophyllotoxin-employing therapy was reported 

in to be very high in early studies, with cumulative incidences approaching 19% in some 

treatment groups (Pui et al., 1989). Interestingly, in some cases the risk of a secondary 

cancer appeared to be more closely related to the treatment regimen than to total dose 

(Pui et al., 1991). Patients receiving epipodophyllotoxins on a weekly or twice-weekly 

basis had much higher cumulative risks (12.4%) than those receiving the drugs on a 

biweekly schedule (1.6%). Similar results have been seen in more recent studies (Smith 

et al., 1999) although others have seen a correlation between cumulative dose and 

epipodophyllotoxin-induced t-AML (Neglia et al., 2001; Le Deley et al., 2003).  With 

implementation of newer treatment protocols, the risk of t-AML is lower than previously 

reported, and within the range of that seen with alkylating chemotherapeutic agents 

(Smith et al., 1993).  There is also evidence that the combined treatment of 

topoisomerase II inhibitors with alkylating agents (or cisplatin) confers a greater risk of t-

AML than seen with either type of chemotherapeutic agent alone (Sandoval et al., 1993; 

Smith et al., 1994; Blatt, 1995).  In most reported cases, the incidence of t-AML induced 

by these drugs is estimated to range from 2 to 12% (Felix, 1998). 
 
 The epipodophyllotoxins exhibit moderate myelosuppression, identifiable 

chromosomal damage and their leukemogenic effects by inhibiting topoisomerase II 

through a process that involves stabilization of the DNA-enzyme complex (Smith et al., 

1994; Ferguson and Pearson, 1996). Topoisomerase II is a nuclear enzyme involved in a 

wide variety of cellular functions, including DNA replication, sister chromatid 

separation, and recombination (Anderson and Berger, 1994). Leukemias induced 

following treatment with epipodophyllotoxin-type topoisomerase inhibitors appear from 

10 months to 8 years following the initiation of chemotherapy, with a median latency of 2 
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to 3 years (Smith et al., 1994).  The induced AMLs are primarily of the monocytic or 

myelomonocytic subtypes (M4 and M5) and are rarely preceded by a myelodysplastic 

phase, a pattern that differs significantly from alkylating agent or radiation induced 

leukemias (Pedersen-Bjergaard and Rowley, 1994; Smith et al., 1994).   

 Infrequently, ALL has been reported in patients following treatment with both 

alkylating agents and topoisomerase II inhibiting drugs (Hunger et al., 1992) (Andersen 

et al., 2001).  Although t-ALLs occur infrequently, they seem to be more common in 

children under the age of 15 who have previously been treated with a topoisomerase II 

inhibitor (Andersen et al., 2001).  

 One of the unique features of t-AML, and to a lesser extent t-ALL, induced by the 

epipodophyllotoxin-type of topoisomerase II inhibitors is the presence of clonal balanced 

translocations involving the MLL gene (also known as ALL-1, HRX and HTRX-1) located 

on the long arm of chromosome 11 (11q23) in the leukemic cells.  Cytogenetic studies of 

patients with leukemias induced by these agents have shown that in over 50% of the 

cases, the leukemic clone involved a balanced translocation affecting the 11q23 region 

and another chromosomal partner, usually t(6;11), t(9;11), and t(11;19) (Pedersen-

Bjergaard and Rowley, 1994; Smith et al., 1994; Canaani et al., 1995). In children 

previously treated with topoisomerase inhibitors, up to 90% of the secondary leukemias 

have an 11q23 alteration (Canaani et al., 1995).  As indicated previously, to date 87 

rearrangements involving the MLL gene have been identified and 51 of the translocation 

partner genes have been characterized at the molecular level (Meyer et al., 2006).  The 

four most common MLL translocation partner genes (AF4, AF9, ENL, and AF10) encode 

nuclear proteins that are part of a protein network involved in histone H3K79 methylation 

(Meyer et al., 2006) indicating an important role for this pathway in epipodophyllotoxin 

leukemogenesis.     

 Numerous lines of evidence indicate that topoisomerase II as well as DNA repair 

enzymes such as those involved in non-homologous end joining play an important role in 

the formation of the 11q23 translocations.  These have been summarized in series of 

recent reviews (Greaves and Wiemels, 2003; Aplan, 2006; Felix et al., 2006; Zhang and 

Rowley, 2006).  The presence of topoisomerase II recognition sites has been found 

adjacent to the translocation breakpoints as have recombinase recognition sites, Alu 
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sequences, DNase hypersensitive sites and scaffold attachment regions, and suggest that 

multiple types of damage and repair probably contribute to the generation of the observed 

translocations (Felix et al., 2006; Zhang and Rowley, 2006).  While many different types 

of sequence have been seen at the breakpoints, the observed translocation patterns are 

consistent with a mechanism involving non-homologous end joining (Greaves and 

Wiemels, 2003; Zhang and Rowley, 2006).   It should also be noted that the MLL gene 

has been shown to be prone to breakage during apoptosis, and it has been proposed that 

the observed translocations occur in hematopoietic cells rescued at an early, reversible 

stage during the apoptotic process (Stanulla et al., 1997; Betti et al., 2005; Vaughan et 

al., 2005; Basecke et al., 2006a).  A role for apoptosis has also been proposed in the 

formation of other leukemia-related translocations (Eguchi-Ishimae et al., 2001). 

 Interestingly, translocations involving 11q23 are seen in ~80% of infant ALL and 

80% of the FAB M4/M5 subtypes of AML seen in infants and young children with no 

history of chemical or radiation exposure (de novo leukemias) (Felix et al., 2006).  In 

addition, the translocation breakpoints within the MLL gene in these patients have been 

reported to cluster within the same region where translocation breakpoints cluster in 

epipodophyllotoxin-induced t-AML (Cimino et al., 1997).  As a result, investigators have 

postulated that exposure to environmental or dietary topoisomerase II inhibitors in utero 

may be involved in the genesis of these infant leukemias.  Two epidemiological studies 

and some mechanistic studies have provided some support for this hypothesis (Ross et 

al., 1996; Ross, 1998; Abe, 1999; Strick et al., 2000; Spector et al., 2005).  More recent 

analyses have reported some sequence and processing differences in the translocation 

breakpoints of the infant leukemias and the t-AML (Felix et al., 2006).   

 

Other leukemogenic agents 

 In recent years, evidence has accumulated that catalytic inhibitors of 

topoisomerase II, such as the anthracycline and bisdioxypiperazine derivatives, can also 

induce secondary leukemias (Xue et al., 1992; Zhang et al., 1993; Blatt, 1995; Andersen 

et al., 1998; Le Deley et al., 2003).  The leukemias induced by these agents are similar to 

the epipodophyllotoxins in that they have short latency periods and are infrequently 

preceded by myelodysplasia.  However, they typically exhibit different types of clonal 
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balanced rearrangements {e.g. t(8;12), t(15;17) and inv(16)} and different FAB subtypes 

(M2 and M3). These agents are more commonly used in adults and while there is less 

evidence, they are likely to be leukemogenic in children.   

 There are also a number of environmental and industrial agents listed by IARC as 

established or probable human carcinogens (Table 8).  For most, the primary evidence for 

the observed increases in leukemia has come form studies of occupationally exposed 

workers, and again, while there is limited evidence, it is also likely that at high exposure 

levels these agents would be leukemogenic in children.  One agent for which there is 

some evidence is benzene.  A considerable number of teenagers were represented in the 

Aksoy series of Turkish shoemakers who developed hematotoxicity and, in some cases, 

leukemia following occupational exposure to benzene (Aksoy et al., 1974; Aksoy, 1988).  

For example, 45 of the 217 individuals in one study were in the 13 to 20 age bracket, and 

23 of 51 workers with hematological abnormalities were in the 12 to 20 age range 

(Aksoy, 1988).  The responses in the adolescents were not noted as differing from that of 

the adults.  Similarly, Nigerian youth exposed to high concentrations of benzene-

containing gasoline exhibited serious hematopoietic toxicity with responses which were 

not identified as differing from the adults (Niazi and Fleming, 1989).  Further, several 

ecologic epidemiological studies have provided suggestive evidence an association 

between leukemia incidence and proximity to gasoline stations, road traffic, or other 

potential sources of benzene exposure (Crosignani et al., 2004; Steffen et al., 2004; 

Knox, 2005).  A summary of the general characteristics of a number of leukemia-

inducing agents in humans is shown in Table 9.  With the exception of the 

epipodophyllotoxins, most of the described characteristics have been seen primarily in 

adults.  They have also been seen to a limited extent in affected children.  In the case of 

radiation, where the latency periods differ for adults and children, the children’s value 

has been used.   

 

Genetic pathways in treatment-related MDS and AML 

 In a recent update, Pedersen-Bjergaard and colleagues proposed a series of 

models for t-MDS/t-AML that involves eight separate genetic pathways with different 

biological characteristics and origins (Pedersen-Bjergaard et al., 1995; Pedersen-
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Bjergaard et al., 2002).  An illustration of the various pathways originating from either 

spontaneous alterations or those induced by therapeutic agents is shown in Figure 1.  

More recently, additional interrelationships between new and previously identified 

genetic alterations, leukemogenic agents, and types of leukemia have been reported 

(Christiansen et al., 2001; Harada et al., 2003; Christiansen et al., 2004; Zheng et al., 

2004; Klymenko et al., 2005; Rege-Cambrin et al., 2005; Wiemels et al., 2005).    

   

Introduction to biomarkers 

 In epidemiology, biological markers, commonly abbreviated for convenience as 

biomarkers, are any substance, structure or process that can be measured in the human 

body or its products that can predict or influence the incidence or outcome of disease 

(IARC, 1997b).  Biomarkers can also be measured in animal studies for many purposes.  

In toxicological studies, biomarkers are commonly used to investigate the progression of 

a disease, to identify underlying mechanisms, show relationships between dose and 

response, and to allow comparisons to be made between species.  The use of biomarkers 

in animals is also used to validate their relevance and use in humans.  The integration of 

both animal and human studies can be particularly valuable in the area of risk assessment.  

However, reliable animal models for childhood leukemia have not yet been fully 

developed or established. As a result, this report will focus almost exclusively on 

biomarkers in humans.  In recent years, a number of monographs have been published 

that discuss in detail many aspects of the use of biomarkers in molecular epidemiology 

and risk assessment (IPCS, 1993; IARC, 1997a; IPCS, 2001; IARC, 2004). These 

provide an insightful and systematic approach to the topic, and the reader is 

recommended to refer to them for additional background information.  This report is 

intended to build upon these more general reports, and focus more specifically on 

biomarkers associated with leukemia in children and adults.  The examples used will 

primarily be based upon the agents described in the previous sections and those listed in 

Table 8 that have been shown to induce leukemia in children, or that are likely to be 

capable of doing so. 

 As described by the Committee on Biological Markers of the National Research 

Council, the development of a disease resulting from environmental exposures occurs 
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through a series of stages beginning with exposure, progressing through an internal dose 

to a biologically active dose, which then exerts early biological effects.  These 

subsequently lead to altered structure and function, and ultimately, to frank clinical 

disease (NRC, 1987; Wang et al., 2001).  A simplified flow chart showing the general 

classes of biomarkers as well as specific examples related to monitoring childhood 

leukemia is shown in Figure 2.   Each step in the process can be modified by host-

susceptibility factors which can affect the rate of progression from one stage to the next.   

 Biological markers are often classified into three general categories – biomarkers 

of exposure, effect, and susceptibility (NRC, 1987; Wang et al., 2001).  Biomarkers of 

exposure are often subdivided into biomarkers of internal dose and of biologically 

effective dose (Figure 3).  A biomarker of internal dose refers to the measurement of the 

agent of interest, its metabolite or a derived product in a tissue or body fluid that can 

serve as a measure of current or past exposures.  This can also include pharmacokinetic 

data including half-life, peak dose, or cumulative dose.  The biologically effective dose is 

the amount of the bioactive agent interacting with critical targets at the subcellular, 

cellular or tissue level or with an established surrogate.  Chemcial adducts with protein or 

DNA would be a common example of this type of biomarker.  Both biomarkers of dose 

should provide quantitative or qualitative relationships with the exposure concentration.   

 Biological markers of effect can be separated into biomarkers of early effect and 

those associated with a subclinical presentation of the disease exhibiting altered structure 

or function.  A biomarker of early effect is a measure of the presence and magnitude of a 

biological response to an environmental agent that occurs shortly after exposure.  These 

effects may be non-specific such as the measure of mutational events in an endogenous or 

reporter gene such as HPRT, or may reflect an early alteration directly related to the 

progression of the disease such as the detection of a clone containing a leukemia-related 

fusion gene.  Biomarkers of effect may also be measured in surrogate cells or tissues that 

reflect, or are believed to reflect, changes that are occurring in the target tissue.  For 

example, changes in lymphocytes or blood counts are often used to estimate effects 

occurring in the bone marrow. As the biologically active dose reaches a sufficient 

intensity or duration, the affected tissue will exhibit an altered function which may be 

manifested as subclinical presentation of the disease.  A sustained disruption in 
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hematopoiesis subsequent to chemical exposure would also represent an example of a 

subclinical or clinical effect related to an increased risk of developing leukemia. 

  Some biological markers indicate individual or population differences that can 

affect the response to the environmental agent independent of the exposure being studied.  

An intrinsic genetic characteristic or a preexisting condition the results in an increased 

biologically effective dose or a response in the target tissue can be a marker of 

susceptibility.  These can include heritable germline susceptibility genes including rare 

genes such as ataxia telangiectasia mutated (ATM) or TP53 or common polymorphisms in 

low risk genes such as NQO1 and MTHFR that can modify a person’s risk of developing 

leukemia.  

 

General issues associated with biomonitoring in children 

 Numerous issues arise when measuring biological markers (biomonitoring) in 

children.  Some of these are general issues posed by biomonitoring people of any age but 

some are unique to working with children.  Two recent reviews have been published that 

have highlighted unique aspects involved in conducting biomarker studies in children, 

and provide a review of the general literature in this area (Neri et al., 2006a; Neri et al., 

2006b).  These reviews form the basis and primary source for the text and issues 

discussed below.   

 The biological samples needed for assessing exposure and biological effects can 

be obtained from many tissues using a range of non-invasive and invasive techniques.  

The choice of specimen and method of collection depends upon the type of assay to be 

performed, the age of the group to be studied, and the individual’s health. Exfoliated cells 

can be readily obtained from the mouth or urine using non-invasive techniques and may 

be sufficient for some types of research such as genotyping or measuring the presence of 

micronuclei, a type of cytogenetic damage.  However, these cells cannot be grown in 

culture and so their uses are limited.  The collection of blood samples, typically obtained 

by venipuncture, is more invasive and, for larger than microliter quantities, may require 

skilled personnel such as a pediatric phlebotomist.  However, peripheral blood 

lymphocytes can be readily cultured allowing a broader range of cytogenetic and 

mutational assays to be performed.  Bone marrow cells would ideally be used for 
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biomarker studies of childhood leukemia.  However, since invasive techniques are 

required for their collection, these will not often be available. Since blood originates from 

the bone marrow, it is frequently used as a surrogate tissue to investigate changes 

occurring in the bone marrow.  However, changes occurring in the marrow may not be 

readily detected in peripheral blood samples.   

 From an epidemiological perspective, there are a number of advantages as well as 

some disadvantages, in working with children. One major advantage is the reduced 

impact of traditional confounding factors such as cigarette smoking, alcohol 

consumption, or occupational exposures.  Children, at least until adolescence, usually do 

not drink or smoke, nor are they likely to be exposed occupationally. However, they may 

be exposed to environmental tobacco smoke (ETS) and may have higher exposures to 

environmental agents because physiologically their intake of air, water and food is higher 

per unit body weight (USEPA, 1997).  They may also have a higher intake of dust and 

soil because of behavioral differences such as crawling and increased hand to mouth 

activities. Another advantage of studying children is the relative ease of following study 

subjects of school age.   

  There are also a number of limitations or disadvantages in conducting 

biomonitoring studies with children.  One is that the low levels of genetic damage in 

children generally reduces the statistical power of the study and necessitates that larger 

sample sizes be used.  Children are also more prone to infections, and have a higher 

incidence of infectious diseases than adults. In addition, in studies with teenagers, the 

possible role of hormonal fluctuations may need to be considered.   

 There are also a number of ethical issues that are unique to working with children.  

While most biomarker studies focusing on environmental exposures improve our 

knowledge of environmental risks to children in general, and help to define baseline 

levels of genetic alterations in children, these rarely provide an immediate benefit for the 

study participants. As a result, due to ethical considerations, field studies on children are 

generally limited to those that do not expose the child to unnecessary risks. Clinical 

biomarker studies of children face many of the same issues but may provide a more direct 

benefit to the participating child. In consideration of these issues, guidelines have been 

prepared by the Council of International Organizations of Medical Sciences in 
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collaboration with the World Health Organization.  These guidelines state, “The risk of 

interventions that are not intended to be of direct benefit to the child-subject must be 

justified in relation to anticipated benefits to society (generalizable knowledge).  In 

general, the risk from such interventions should be minimal-that is, no more likely and 

not greater than the risk attached to routine medical or psychological examination of such 

children.  When an ethical review committee is persuaded that the object of the research 

is sufficiently important, slight increases above minimal risk may be permitted.” (Neri et 

al., 2006a).   

 The use of genetic markers in environmental studies of children also raises unique 

issues relating to consent.  Consent for the use of samples and data from children must be 

provided by their parents or the legal guardians.  However, it must also provide the right 

of the child to opt in or out of the study, especially when samples are archived for use in 

new studies, years after collection.  Consent is therefore an ongoing process in which 

children recruited into studies at an early age (or before birth) are able to modify as they 

grow older.  Other issues unique to children include topics such as incentives to 

participate, the management of study protocols, additional issues related to informed 

consent, and the communication of results.  For a more detailed discussion of these 

points, the reader is recommended to see the extended discussion in (Neri et al., 2006a) 

and the references provided therein.   

 

Biomarkers of internal dose 

 The measurement of a chemical or its metabolite in a body fluid (or tissue) can 

serve as a biomarker of internal dose and can help measure current or past exposures.  

These internal dose biomarkers can include pharmacokinetic data which strengthens the 

relationship between exposure and response. It should also be recognized that the various 

types of exposure biomarker have a unique quantitative relationship to exposure and can 

exhibit a unique time course in its response (IPCS, 1993).  As a result, the rate of 

absorption, distribution, and elimination as well as the sampling time and analytical 

sensitivity should be considered in the interpretation of the quantitative relationship 

between exposure and selected biomarker.  For example, biomarkers for chemicals that 

are cleared rapidly, such as exhaled benzene or urinary benzene or metabolites, will be 
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present shortly after exposure but may be undetectable at later times. Other biomarkers, 

such as albumin or hemoglobin adducts of benzene metabolites, may represent only a 

small fraction of the total internal dose but, because they have a long half-life in the body 

(relative to exposure frequency), may accumulate to detectable levels with continued 

exposure (IPCS, 1993).  

 Numerous studies have been performed to measure the internal dose of leukemia-

inducing agents.  For chemotherapeutic agents, these are often used to optimize dosage 

and improve therapeutic efficacy.  For other agents, these measurements have typically 

been performed as part of occupational studies of exposed workers, and are used as an 

estimate of exposure.  In a few cases, environmental measures have been performed on 

children.  Several examples of biomarkers that have been used to monitor internal dose 

are presented below.   

 Chemotherapy based on alkylating agents or topoisomerase II inhibitors has been 

used for more than twenty years for the treatment of cancer and other diseases.  To 

increase the drug’s efficacy and understand its disposition within the body, 

pharmacological studies are typically performed, and as a result, detailed information on 

absorption, distribution, metabolism, and excretion is often available.  As an example, a 

description of the disposition of busulfan (also know as myleran), an alkylating agent 

used for treatment of CML, is presented below.  The information has been largely 

abstracted from a common medical reference (McEvoy, 2006).  Following oral 

administration of a 4 mg dose, busulfan has been shown to be rapidly absorbed with a 

peak plasma concentration of 68 ng/ml being seen at 0.9 hr after dosing. Within the 

plasma, approximately 30% of the drug binds irreversibly to plasma proteins.  The 

remainder is rapidly distributed to other organs where it undergoes biotransformation.  

Busulfan is extensively metabolized resulting in more than identified 12 metabolites 

including methanesulfonic acid and 3-hydroxytetrahydrothiophene-1,1-dioxide.  In the 

liver, busulfan is primarily metabolized through glutathione conjugation, both 

spontaneous and glutathione S-transferase-mediated.  While extensively metabolized, 

busulfan and its metabolites are only slowly excreted with 30-60% of the dose appearing 

in the urine within 48 hours.  Less than 2% of the administered busulfan is excreted 

unchanged in the urine, and negligible amounts are excreted in the feces (McEvoy, 2006).   
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 While the above information has been generated primarily in adults, additional 

supplemental information related to children may be available. For example, the 

pharmacokinetic disposition of busulfan in children differs from that of adults with a 

lower mean bioavailability and larger inter-individual variation (Hassan et al., 1996; 

McEvoy, 2006).  Similarly, a larger apparent volume of distribution is seen in children 

than in adults (DrugDEX, 2006).  In addition, the rate of excretion has been shown to 

vary in some groups of children; some children exhibit more rapid excretion (certain 

genetic disorders) and others slower excretion (lysosomal storage disorders).  However, 

apart from the recognition that higher cumulative doses confer higher risks, it is not 

established how the observed pharmacological differences would affect a child’s risk of t-

AML.   

 In contrast to the leukemogenic classes of drugs, detailed pharmacokinetic 

information is seldom available for other types of leukemogens.  Of the other classes of 

leukemogenic agents, benzene has probably been the most extensively studied. Major 

efforts to develop biomarkers have also been undertaken for other agents such as 1,3-

butadiene and ethylene oxide.  Detailed studies of benzene metabolism and 

physiologically based pharmacokinetic modeling have been performed (Bois et al., 1996; 

Smith and Fanning, 1997; Brown et al., 1998).  In addition, numerous studies have been 

conducted to identify and validate biomarkers in humans.  While methods have been 

developed to measure the levels of benzene and its metabolites in human blood, the most 

commonly used biomarker for estimating benzene exposure and internal dose is the 

measurement of benzene metabolites in the urine of exposed individuals. The quantitation 

of benzene’s phenolic metabolites (phenol, hydroquinone and catechol) in the urine has 

long been used as a biomarker of benzene exposure.  These metabolites are frequently 

present at variable levels in unexposed individuals, most likely due to dietary intake 

(McDonald et al., 2001), and are considered less-than-ideal biomarkers.  More recently, 

the benzene metabolites t,t-muconic acid and S-phenylmercapturic acid have been shown 

to be more reliable, particularly for monitoring benzene exposures at low exposure 

concentrations.   

 Almost all of the development and validation of these benzene biomarkers has 

been performed in benzene-exposed workers.  However, in recent years, these markers 
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have been used at times to measure environmental benzene exposures in children.  For 

example, t,t-muconic acid was recently used to measure benzene exposure in 144 Italian 

children, 92 from an urban environment and 52 from a rural environment (Amodio-

Cocchieri et al., 2001).  Quantifiable levels of t,t-muconic acid were found in 63% of the 

urine samples analyzed.  The levels in the urban children (99 µg/L) were approximately 

two times those found in the rural children (48 µg/L), and the higher levels were 

associated with proximity of the child’s home to traffic. In a similar study, t,t-muconic 

acid and hydroquinone were measured over five days in 21 child-parent pairs in Rouen, 

France (Kouniali et al., 2003).  Detectable levels of t,t-muconic acid and hydroquinone 

were found in 85% and 100% of the samples, respectively. Mean values of t,t-muconic 

acid and hydroquinone expressed in mg/g creatinine were 1.6 and 1.8-fold higher in the 

children than the parents.  However, significant correlations were not seen between the 

urinary metabolite levels and benzene levels measured at various locations in the 

children’s and parents’ environments. This suggests that exposure to benzene or its 

metabolites was occurring through other routes or sources such as uptake through the 

diet.  As indicated above, the diet is a common source of exposure to phenolic 

compounds including those formed from benzene as well as a source of sorbic acid which 

can be metabolized to t,t-muconic acid.    

 As indicated in Table 8, tobacco smoke is widely recognized as a human 

leukemia-inducing agent.  For measuring exposure to environmental tobacco smoke 

(ETS), various biomarkers have been employed.  These include measurements of 

cotinine, nicotine, carbon monoxide and thiocyanate in blood as well as urinary levels of 

tobacco-specific nitrosamines and hydroxyproline (Benowitz, 1999).  Of these, 

measurement of the nicotine metabolite, cotinine, is probably the most widely used, due 

to its relative specificity and sensitivity.  It can also be measured for days after exposure 

so it is preferable to nicotine, which is present for a much shorter duration.   

 Since nicotine is quite specific for tobacco, the measurement of cotinine in the 

blood, saliva or urine can be used to track both direct and indirect exposure to this 

carcinogenic and leukemia-inducing agent (CDC, 2005).  Cotinine is particularly 

valuable for identifying exposure to environmental tobacco smoke.  Depending upon the 

cotinine level in the sample, individuals can be confidently separated into three groups, 
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smokers, nonsmokers exposed to environmental tobacco smoke (ETS), and nonsmokers 

without ETS exposure.  As described by the CDC (CDC, 2005), “Nonsmokers exposed to 

typical levels of ETS have serum cotinine levels of less than 1 ng/mL, with heavy 

exposure to ETS producing levels in the 1-10 ng/mL range. Active smokers almost 

always have levels higher than 10 ng/mL and sometimes higher than 500 ng/mL.   

 Cotinine has been commonly used to assess exposure to tobacco smoke, 

particularly when other biomarkers or disease outcomes are being measured (Finette et 

al., 1997; Weaver et al., 1998; Benowitz, 1999; Qu et al., 2003; Hecht et al., 2006).  

Cotinine has also been useful in measuring the exposure of nonsmokers to ETS and 

exposure trends over time.  In 1991, nearly 90% of the U.S. population had measurable 

levels of serum cotinine in their blood.  Since that time, the CDC in its National Health 

and Nutrition Examination Survey has found a 75%, 68% and 69% decrease in the 

median cotinine levels in nonsmoking adults, children and adolescents, respectively 

(CDC, 2005).  Of concern, was the observation that the levels of cotinine in children and 

teenagers (3-19 years old) were roughly double those of adults (age 20 and above).   

 
Biomarkers of a biologically effective dose 

 The biologically effective dose is the amount of the bioactive agent interacting 

with critical targets within the target tissue, or a surrogate such as white blood cells.  For 

most leukemia-inducing agents, chemical adducts with DNA or protein represent the 

most common example of this type of biomarker, and are used as a measure of an agent’s 

ability to reach the target tissue in a bioactive and reactive form.  The formation of sister 

chromatid exchanges, a common cytogenetic endpoint typically measured in peripheral 

blood lymphocytes, is also now generally considered to be more a biomarker of exposure 

than a biomarker of effect (IPCS, 1993).  These biomarkers serve as an intermediate 

between exposure and early response, and are commonly used to estimate potential 

effects occurring at low doses, and determine the shape of the dose-response curve in the 

low dose region.  Historically, many of the binding studies employed radiolabeled 

chemicals as adduct levels were below the detection limits of other types of analytical 

instrumentation being used at that time.  This generally restricted the studies to measuring 

adducts and dose-response curves in animal models.  However, in recent years with 
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technological advances in analytical techniques and instrumentation, it is increasingly 

possible to measure DNA and protein adducts in humans and identify the specific adduct 

being measured (Phillips et al., 2000; de Kok et al., 2002; Singh and Farmer, 2006).    

 DNA and protein adducts can be repaired or degraded so that information on the 

kinetics of their formation and clearance is necessary to accurately evaluate the 

relationship between exposure, adduct level and response. DNA adducts represent 

precursor lesions rather than specific mutagenic or genotoxic effects, as adducts may be 

converted into mutations or DNA strand breaks, but can also be efficiently repaired or 

remain unchanged in less critical non-coding sequences of DNA. For many leukemogenic 

agents such as the alkylating agents, the formation of a DNA adduct is an essential step in 

the carcinogenic process.  However for others such as benzene, the relationship is less 

certain.   

 Numerous studies have been performed to measure DNA and protein adducts in 

individuals exposed to leukemogenic agents.  These have typically involved measuring 

adducts in blood (or urine) rather than bone marrow due to the difficulties in obtaining 

bone marrow samples.  While most studies have been conducted in adult patients or 

workers, a number have been performed using samples from children. Several examples 

of studies from adults and children are presented below.   

 For leukemia-inducing agents, the measurement of DNA adducts in humans has 

generally focused on two groups, patients undergoing chemotherapy and occupationally 

exposed workers (Farmer et al., 1996).  For example, in studies of patients administered 

platinum-based therapies, very good correlations were seen between the cumulative dose 

of the drug and the measured adduct levels (Poirier et al., 1985; Reed et al., 1986; Poirier 

and Weston, 1996).  Similar results were seen for patients treated with procarbazine 

whereas for those treated with dacarbazine, a saturation in the formation of adducts was 

seen (Kyrtopoulos et al., 1993; Farmer et al., 1996).  For some adducts, a linear 

correlation has been observed between cumulative dose and adduct level whereas no 

correlation was seen with others (Farmer et al., 1996).  The kinetics of adduct removal 

differed by agent with some adducts being removed or repaired fairly rapidly (within 

days) while others were detectable at significant levels for weeks after exposure (Poirier 

et al., 1985; Reed et al., 1986; van Delft et al., 1993; Farmer et al., 1996). It is 
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recognized that while DNA adducts can serve as valuable biomarkers, their relationship 

with dose can, at times, be complex and caution should be used in drawing conclusions 

about biological effects from the results (Sander et al., 2005).   

 More recent efforts have focused on measuring DNA adducts and their 

persistence in important cancer-related genes in the white blood cells of patients treated 

with alkylating agents.  Souliotis and associates measured the formation of monoadducts 

and interstrand cross-links in TP53 and N-RAS in patients with multiple myeloma treated 

intravenously with the alkylating agent, melphalan (Souliotis et al., 2003). Peak levels of 

monoadducts and crosslinks were seen at 2 hr and 8 hr, respectively, and seemed to 

correlate with the patient’s response to chemotherapy.  Similar results were seen in a 

follow-up study by the same investigators in which increased DNA damage and slower 

repair within the TP53 gene correlated with tumor reduction and progression-free 

survival (Dimopoulos et al., 2005).   

 The detection of DNA adducts or other biomarkers related to a biologically 

effective dose is more challenging in individuals or children with environmental 

exposures.  DNA adducts, SCEs and protein adducts present at birth or shortly thereafter 

in newborns have also been used to estimate in utero effects of maternal smoking or 

maternal exposure to ETS (Neri et al., 2006b).  In one of five studies, a significant 

increase in DNA adducts was seen in peripheral or cord blood cells of newborns born to 

mothers who smoked or were exposed to ETS during pregnancy (Neri et al., 2006b).  In 

the other four studies, no increase was seen.  Similar results were seen for SCEs where a 

significant increase was seen in one of five studies. In contrast, increases in hemoglobin 

adducts or albumin adducts were seen in five of five studies of similarly exposed 

newborns.  Significant increases in hemoglobin or albumin adducts were also seen in 

children living with one or more parents who smoked (Neri et al., 2006b).   

 Protein adducts have also been widely used to measure exposure to occupational 

and environmental leukemia-inducing agents (Farmer et al., 1996; Osterman-Golkar and 

Bond, 1996; Boogaard et al., 1999; Albertini et al., 2003b; Qu et al., 2003; Rappaport et 

al., 2005).  Ethylene-oxide-derived and 1,3-butadiene-derived adducts with hemoglobin 

have been used to monitor exposure in occupationally exposed workers (Farmer et al., 

1996; Boogaard et al., 1999; Albertini et al., 2003b).  Among those not occupationally 
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exposed, ethylene oxide-derived adducts have been shown to correlate strongly with 

smoking habits, urinary cotinine levels, and the number of cigarettes smoked (Bono et 

al., 2002).  Probably the most comprehensive use and validation of protein adducts as 

biomarkers has been performed by Rappaport and associates as part of a series of 

biomarker studies of benzene-exposed Chinese workers (Rappaport et al., 2005).  

Adducts of the reactive benzene metabolites, benzene oxide and 1,4-benzoquinone, with 

cysteine residues on serum albumin were used to monitor exposure in 160 benzene-

exposed workers and 101 local controls.  Adduct levels were significantly higher in the 

exposed workers than in the controls. The relationship between benzene exposure and 

adduct formation was distinctly non-linear exhibiting a departure from linearity in adduct 

formation at benzene concentrations greater that approximately 1 ppm.  The authors 

concluded that the biologically effective doses of benzene oxide and 1,4-benzoquinone 

would be proportionally greater in those exposed to low rather than high concentrations 

of benzene.   

 In a new approach to identify biomarkers of exposure (and possibly effect), the 

influence of benzene exposure on the gene expression was recently determined by 

comparing mRNA levels in the peripheral blood mononuclear cells obtained from 

another group of highly exposed Chinese benzene-exposed workers with those of non-

exposed workers by a genome-wide microarray analysis (Forrest et al., 2005; Smith et 

al., 2005b). Twenty-nine known genes were identified that were deemed to be highly 

likely to be differentially expressed. A follow-up analysis performed using 508 cytokine 

probe sets identified 19 known cytokine genes that were expressed differently between 

the exposed workers and the controls.  Confirmation of these results was performed for 

six of the identified genes by real-time PCR and of these cytokines CXCL16, ZNF331, 

JUN and PF4 were found to be the most significantly affected.  These results would 

suggest that altered expression of these genes could potentially serve as new biomarkers 

of benzene exposure.   

 

Biomarkers of early biological effects 

 Many different types of biomarkers for detecting early biological effects have 

been tested.  These range from non-specific measures of mutations or chromosomal 
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damage in blood cells to the detection of leukemia-related fusion genes in bone marrow 

samples.  An overview of the major types of early effect biomarkers and their 

significance will be presented, as well as examples of their use in monitoring leukemia 

inducing agents.  The biomarkers will be divided into two sections – one that covers 

general non-specific effects and another more detailed one which focuses on biomarkers 

that are more specific for induced leukemias.  As with the biomarkers of exposure, each 

of the early effect biomarkers has a different time course for its appearance and return to 

normal.  Most of the examples are from studies have been conducted in adults but some 

examples will also be presented involving samples collected from children.   

 

Early effect biomarkers indirectly related to leukemia 

Structural and numerical chromosomal aberrations 

 Increased frequencies of chromosome aberrations are commonly seen in the 

peripheral blood lymphocytes of workers, patients and others following exposure to 

leukemia-inducing agents.  Structural aberrations are the most common type detected 

although increases in numerical aberrations may also occur.  These aberrations are 

generally non-clonal in nature and result from direct DNA damage or genomic instability 

originating in either the lymphocytes or their bone marrow precursor cells.  Traditional 

approaches to detect chromosomal damage in lymphocytes have involved evaluating 

Giemsa-stained chromosomes in metaphase cells.  In recent years, additional approaches 

such as fluorescence in situ hybridization (FISH) based assays or the micronucleus (MN) 

assay have become increasingly applied.  The MN assay and certain FISH assays such as 

those using centromeric- or region-specific DNA probes allow cytogenetic evaluations to 

be performed on interphase cells.  Other FISH assays such as those employing whole 

chromosome probes allow translocations and other more stable types of chromosomal 

exchanges to be more easily identified.   

 Chromosomal aberrations represent one of the earliest applied biomarkers of early 

effects, and the one for which a relationship to future cancer risk has been the most firmly 

established.  While early studies identified a strong relationship between carcinogen 

exposure and an increase in chromosomal aberrations, the results of recently completed 

prospective studies have demonstrated a consistent association between increased 
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frequencies of chromosomal aberrations, primarily structural aberrations, and future 

cancer risk. Bonassi, Hagmar and others (Hagmar et al., 1998; Liou et al., 1999; 

Smerhovsky et al., 2001; Norppa et al., 2006) have shown that individuals exhibiting 

elevated levels of structural chromosomal aberrations in their peripheral blood 

lymphocytes are at significantly higher risk for developing cancer.  While an early report 

suggested that this association might be particularly strong for lymphohematopoietic 

neoplasia (Bonassi et al., 1995), subsequent reports have indicated that the increased risk 

is for cancers in general, and is not closely related to this particular type of cancer.  

Clonal structural and numerical aberrations are also commonly seen in human leukemias, 

and many lines of evidence indicate that these play an important role in leukemogenesis 

(Yunis, 1983; Solomon et al., 1991).  These observations indicate that the induction of 

chromosomal alterations by leukemia-inducing agents is likely to be an important 

biomarker relevant to leukemogenesis. 

 As indicated above, numerous studies have shown that individuals exposed to 

leukemogenic agents exhibit increased frequencies of chromosomal aberrations in their 

peripheral blood lymphocytes.  Using conventional cytogenetic techniques, increases 

have been seen in patients exposed to chemotherapeutic drugs (Seiber and Adamson, 

1975; Robison et al., 1982; Lambert et al., 1984; Reeves et al., 1985; Mamuris et al., 

1989), workers exposed to industrial chemicals (Zhang et al., 2002; Qu et al., 2003), 

tobacco smokers (Obe et al., 1982; Littlefield and Joiner, 1986), and those with 

environmental exposures (Liu et al., 2002).  The observed increases are affected by the 

dose administered and duration of exposure with the types and frequency influenced by 

the period of time between exposure and measurement.  For example, elevated levels of 

chromosomal aberrations such as acentric fragments, micronuclei, dicentric 

chromosomes, inversions, and translocations have been seen shortly after exposure in the 

lymphocytes and bone marrow of individuals exposed to high levels of radiation (Tanaka 

et al., 1983; Bender et al., 1988; Lucas et al., 1992).  Both stable (translocations and 

inversions) and unstable alterations (acentric fragments, micronuclei, and dicentric 

chromosomes) decrease with time after exposure.  However, a portion of the induced 

stable alterations may be detected 30 to 40 years after exposure, and can serve as a 

persistent biomarker of radiation exposure and early biological effects (Lucas et al., 
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1992; Straume et al., 1992).  Similarly, increased frequencies of translocations have been 

measured in the cultured lymphocytes of patients years following treatment with 

chemotherapeutic agents (Haglund et al., 1980; Lambert et al., 1984).   

 Over the past 15 years, there have been extensive efforts to develop and validate 

new molecular cytogenetic biomarkers, to integrate them with other types of exposure 

and susceptibility markers, and compare the new biomarkers with earlier more 

established biomarkers.  Major cytogenetic biomarker studies were undertaken in 

populations exposed to radiation, benzene, and 1,3-butadiene with mixed results.  For 

example, FISH with whole chromosome probes as well as several other biomarkers was 

successfully used to evaluate genetic damage and reconstruct exposures in radiation-

exposed individuals in samples obtained years after the Chernobyl disaster (Jones et al., 

2002).  

 In another series of studies, a variety of new and established biomarkers were 

used to assess cytogenetic damage in several groups of benzene-exposed workers.  In a 

comprehensive series of studies lead by investigators at UC Berkeley and the National 

Cancer Institute (UCB/NCI), significant dose-related increases in both structural and 

numerical aberrations were seen in the exposed workers using a variety of new FISH 

techniques (Zhang et al., 2002).  For example, using centromeric DNA probes for a range 

of individual chromosomes, significant increases in hyperdiploid cells were seen for all 

of the chromosomes evaluated.  Elevated levels of hypodiploidy as well as translocations 

were also seen.  Certain chromosomes, particularly those involved in leukemia cells 

exhibiting clonal aneuploidy, deletions or translocations (e.g chromosome 5 and 7 for 

aneuploidy and 8 and 21 for translocations), were reported to be involved more 

frequently than other chromosomes (Smith et al., 1998; Zhang et al., 1998).  However it 

should be noted that in similar validation studies sponsored by the Health Effects Institute 

in which similar FISH methods were applied to detect hyperdiploid and hypodiploid cells 

in benzene-exposed workers, few exposure-related alterations were seen (Eastmond et 

al., 2001; Qu et al., 2003).  However when a more conventional cytogenetic approach 

was applied in the HEI study, modest but significant dose-related increases in structural 

chromosome aberrations were seen (Qu et al., 2003).   
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 In contrast to these benzene studies, no increase in cytogenetic alterations was 

seen using either conventional or FISH techniques in Czech workers exposed to 1,3-

butadiene (Albertini et al., 2003b).  In this case, the inability to detect cytogenetic 

alterations in the butadiene-exposed workers is likely due to the modest exposure levels 

present in the participating workplaces.  While the new molecular biomarkers present 

clear advantages in some areas, it should be remembered that many of these biomarkers 

are still being validated for use in human populations, and that studies with these new 

biomarkers face many of the same challenges as more traditional epidemiological studies.  

 Increasingly, the frequency of micronuclei in cultured peripheral blood 

lymphocytes is also being used to measure cytogenetic damage occurring in adults with 

occupational, medicinal and environmental exposures (Bonassi et al., 2003; Bonassi et 

al., 2005).  This approach has also being increasingly used to monitor damage occurring 

in children (Neri et al., 2003).  Increased frequencies of micronuclei have been seen in 

children undergoing chemical and radiation treatment (Migliore et al., 1991; Neri et al., 

2003), in children exposed to environmental tobacco smoke (Neri et al., 2006b) as well 

as in children exposed to radiation from the Chernobyl catastrophe and other accidental 

radiation exposures (Fenech et al., 1997; Zotti-Martelli et al., 1999; Neri et al., 2003).  

Similarly, an increase in structural chromosome aberrations has also been reported in a 

series of studies of Czech children and teenagers exposed to formaldehyde in their school 

classrooms (Neri et al., 2006b).  It should be noted that the frequency of micronuclei 

increases with age in both children and adults, and it is important that this be considered 

when evaluating the effects of chemical and radiation exposures (Bonassi et al., 2001; 

Neri et al., 2005).   

 In a recent study of the effects of maternal cigarette smoking, cytogenetic 

analyses were performed on chromosomes of fetal amniocytes obtained by amniocentesis 

from smoking and non-smoking mothers (de la Chica et al., 2005).  A significant increase 

in the frequency of structural chromosome aberrations and chromosomal instability was 

reported in amniocytes obtained from the tobacco-exposed fetuses.  The 11q32 

chromosome region, a region frequently involved in infant and childhood leukemias, was 

reported to be the region most affected by tobacco exposure.  Frequent alterations 

involving 5q31 and 17q21, two other leukemia-associated regions, were seen in cells 
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obtained from both the smokers and, to a lesser extent, the nonsmokers.  While the results 

are intriguing, caution is probably warranted in drawing conclusions from these results 

(Demarini and Preston, 2005).  In a separate cytogenetic study, the frequency of 

translocations in cord blood lymphocytes was shown to be higher in newborns born to 

mothers who smoked than in newborns of nonsmoking mothers (Pluth et al., 2000).   

 

Somatic mutations in reporter genes 

 Mutations arising in reporter genes of somatic cells in humans have been used to 

assess background mutation rates, and as a biomarker for exposure to carcinogenic agents 

(Albertini and Hayes, 1997; Kubota et al., 2000).  Mutations have been investigated in 

hemoglobin and glycophorin-A (GPA) genes in red blood cells, and in HPRT, HLA and 

TCR genes in T-lymphocytes with varying success.  Two of the most commonly used 

assays are GPA mutations in erythrocytes and HPRT mutations in T-lymphocytes.  Each 

of these assays has unique features, baseline mutation rates, and target sizes.  A brief 

overview of the use of these two assays based on information and text extracted from 

(Albertini and Hayes, 1997) is provided below.  For additional details, please refer to the 

original article or other reviews by Albertini and others (Albertini et al., 1990; Cole and 

Skopek, 1994; Kubota et al., 2000).   

 The GPA gene is located on chromosome 4q, codes for a polymorphic 

glycoprotein located on the surface of red blood cells, and spans 44 kb which makes it a 

large target for induced mutations.  It exists as two co-dominantly expressed alleles (M 

and N) that are present in approximately equal frequencies. The GPA assay measures the 

frequency of variant cells that have lost expression of the M form in heterozygous 

individuals (~ 50% of the population).  The variant cells are detected by flow cytometry 

using fluorescent antibodies that can distinguish the M and N forms.  Loss of the M allele 

typically through a point mutation (labeled 0/N) can be distinguished from more complex 

mutations involving gain of another N allele (N/N) and can provide insights into the 

mechanisms underlying the induced mutations.   

 The X-linked HPRT gene also spans 44 kb and encodes a transferase enzyme 

which is constitutively expressed but dispensable in mammalian cells.  HPRT 

phosphoribosylates hypoxanthine and guanine for conversion to iosinic acid, and is 
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required to convert purine analogs such as 6-thioguanine to their cytotoxic forms.  Cells 

with normal HPRT activity are susceptible to the toxicity of 6-thioguanine whereas 

mutants are resistant.  This differential sensitivity provides a basis for selection, and 

allows rare mutant cells to be identified.   

 Both the GPA and HPRT assays have been used to detect mutations in individuals 

exposed to a variety of leukemia-inducing agents.  Significant increases in mutant 

frequency have been seen in survivors of the atomic bomb, individuals with accidental 

and medical radiation exposures, patients administered chemotherapeutic drugs, and 

benzene-exposed industrial workers.  In general, the responses increase with dose and 

return to baseline or near baseline levels after exposure has ceased.  However, the 

relationship between dose, time since exposure, and mutation frequency can be complex.  

For example, substantial increases in GPA variant frequencies with high variability have 

been reported in atomic bomb survivors.  Since these increases were measured forty years 

after the explosion, this indicates that the GPA biomarker can be long lived.  The 

persistence of the marker and the high variability observed are consistent with radiation-

induced mutations occurring in the relatively small number of bone marrow stem cells 

that survived exposure.  In contrast, only a minor increase was seen when the HPRT 

assay was used to measure mutant frequencies in the atomic bomb survivors.  Initially 

this was thought to be due to an insensitivity of HPRT assay to radiation-induced 

mutations.  However, a more recent interpretation attributes this to a loss of mutant T-

lymphocytes in the 40 years between exposure and testing.  In survivors who were young 

at the time of exposure, the HPRT mutations are believed to have occurred in the 

committed and multipotent bone marrow precursor cells, and this is the reason for the 

small elevation that was seen.   However in contrast to the atomic bomb survivors, 

patients receiving localized radiation for cancer treatment have not shown an increase in 

GPA variant frequencies.  In this case, the lack of an increase is likely due to either a lack 

of bone marrow cells within the targeted field, or extensive killing of the bone marrow 

precursor cells that were present (Grant and Bigbee, 1994; Mott et al., 1994).  

 As indicated above, significant increases in GPA and HPRT mutant frequencies 

have been seen in both children and adult patients treated with chemotherapy.  However, 

while both children and adults seem to respond similarly to exposure, there are significant 
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differences in the persistence of the variant cells in the treated adults and children 

(Albertini and Hayes, 1997). Within several months of treatment and consistent with the 

erythrocyte lifespan, the levels of GPA variants in adults return to baseline levels.  In 

contrast, elevated levels of GPA variants have been seen for over 10 years in children 

following chemotherapy (Hewitt and Mott, 1992; Boyse et al., 1996).  Interestingly, three 

of the patients in the Boyse study developed t-AML, all of whom exhibited elevated 

variant frequencies at the diagnosis of AML.  Greater persistence in the HPRT mutagenic 

response has also been seen in children following treatment with chemotherapeutic 

agents.  The results of both the GPA and HPRT assays suggest that in children as 

compared to adults, a relatively larger proportion of the induced mutations may occur in 

the bone marrow stem cells (Albertini and Hayes, 1997).   

 The HPRT assay has been used in several studies to evaluate the effects of 

maternal cigarette smoking on the somatic mutant frequencies in healthy newborns (Neri 

et al., 2006b).  In an initial report using an autographic method, an elevation in HPRT 

variants was seen in the cord blood lymphocytes obtained from infants born to smoking 

mothers as compared to those born to non-smokers (Ammenheuser et al., 1994).  An 

increase was also seen in the smoking mothers and the frequencies correlated with the 

number of cigarettes smoked.  In a similar biomarker study by Manchester and 

colleagues, an increase was seen when comparing the HPRT mutant frequencies of 

newborns whose mothers smoked with those whose mothers were not exposed to ETS 

(Manchester et al., 1995; Neri et al., 2006b).  However, no increase was seen when those 

exposed to smoke were compared to a combined group comprised of those exposed to 

ETS and the nonsmokers.  No increase in variant frequency was also seen in the GPA 

assay.   

 In a similar study using the HPRT cloning assay, a significant increase in mutant 

frequency was not seen in the cord blood lymphocytes of newborns born to mothers who 

smoked during pregnancy or who were exposed to environmental cigarette smoke 

(Finette et al., 1997).  However, in a detailed follow-up study of the individual HPRT 

mutants, a significant difference in the mutational spectrum was seen in the lymphocytes 

of newborns exposed to cigarette smoke in utero (Finette et al., 1998).   The most notable 

difference was an increase in “illegitimate” deletions mediated by V(D)J recombinase in 
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the in utero-exposed newborns.  The authors noted that deletions mediated by V(D)J 

recombinase are the most characteristic mutations observed in newborns and children and 

have an age-related incidence.  The age-specific distribution of illegitimate V(D)J 

recombination correlates with the age distribution of childhood ALL, and when occurring 

in cancer-related genes, is believed to play an important role in leukemogenesis (Finette 

et al., 1998).    

 

Leukemia-related biomarkers 

Myelosuppression and immunotoxicity 

 Myelosuppression and immunotoxicity frequently accompany exposure to 

leukemia-inducing agents, particularly those such as the chemotherapeutic drugs, 

ionizing radiation and benzene for which leukemogenicity has been clearly established 

(Eastmond, 1997). The number of individuals affected and the magnitude of toxicity is 

influenced by the agent and dose-related factors such as total dose, dose per treatment, 

schedule and route of administration as well as individual host factors (genetic 

susceptibility, prior therapy, health status, etc.) (Gale, 1988).  A brief overview of the 

myelosuppressive effects of cancer therapeutic drugs has been written by Gale (Gale, 

1988), and is the basis for the following description.  The severity of myelotoxicity 

induced by antineoplastic drugs varies considerably by chemical class.  For drugs 

associated with t-AML, moderate to severe effects are generally seen.  The 

epipodophyllotoxins, cisplatin and procarbazine typically produce more moderate 

toxicity whereas severe effects are more common for the alkylating agents, the 

anthracyclines, and the nitrosoureas.  

 The period between dosing and the onset or appearance of the myelosuppression 

is also related to the class of agent.  For some agents such as ionizing radiation, the onset 

of myelotoxicity occurs within 0 to 48 hr after exposure.  For others, longer periods are 

required.  The onset of myelosuppression by the alkylating agents and anthracyclines 

occurs 1 to 3 weeks following exposure, and is believed to be due to the effect of these 

agents on immature hematopoietic cells that becomes more evident as the more mature 

blood cells die and require replacement. Myelosuppression induced by the nitrosoureas 

and mitomycin C is less frequent and occurs 4 to 8 weeks after treatment.  This delayed 
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effect is believed to be due to a relatively selective effect on immature stem cells.  

However, the onset of this delayed effect is dose-dependent.  A two to three-fold increase 

in dose reduces the onset of myelotoxicity to one week.  For some drugs such as 

busulfan, the manifestation of the myelotoxic effects is considered to be latent and may 

only be manifested only under stress-related conditions.   

 In most cases, the induced myelotoxicity is transient with the blood cell counts 

returning to normal following the cessation of treatment or exposure (Hendry and Feng-

Tong, 1995; Irons et al., 2005).  However in some cases, the induced myelosuppression 

can be more persistent and progress to pancytopenia or infrequently to aplastic anemia, a 

condition that confers a much greater risk of developing leukemia (~10%) (Aksoy et al., 

1984; Jandl, 1987; Ohara et al., 1997; Imashuku et al., 2003).  Increased risks have also 

been seen for those who have previously exhibited less severe forms of bone marrow 

toxicity. Studies of benzene-exposed workers have shown that the leukemia mortality rate 

was much higher for workers who had previously been diagnosed with bone marrow 

poisoning (700 per 106 person-years) as compared to those exposed to, but not poisoned 

by, benzene (14 per 106 person-years), and particularly as compared to the general 

population (2 per 106 person-years) (Yin and Li, 1994).   In one report, 36% of the 

benzene leukemia cases had a history of benzene poisoning with leukopenia or 

pancytopenia (Yin et al., 1994).  However, this also indicates that for most cases, 

clinically detectable myelotoxicity may not be observed.  It should also be noted that at 

lower exposure levels, the decreases in cell counts occurring in exposed groups may fall 

within what is considered the normal clinical the range (Qu et al., 2002; Lan et al., 2004).  

This highlights one of the challenges in using myelotoxicity as a biomarker, as the 

normal range varies considerably in adults.  For example, the mean white blood cell 

count in adults is 7,200 x 103/µl with a 95% range from 3,900 to 10,900 x 103/µl (Jandl, 

1996).  This may be even more problematic for infants and children as the normal range 

of blood cells counts varies as well and decreases with age (Jandl, 1996).    

 

Leukemia-related genetic biomarkers 

 As outlined above, a large number of clonal cytogenetic alterations and mutations 

have been seen upon clinical presentation of the leukemia in both children and adults.   
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These genetic changes often play critical roles in the development of leukemia, and 

numerous attempts have been made, with varying success, to detect and monitor these 

alterations and mutations at earlier stages in the development of leukemia.  Because their 

involvement in leukemogenesis, the detection of these biomarkers should provide 

valuable insights into the early development of the disease, and more allow individuals at 

elevated risk to be more accurately identified.   Two general approaches have been 

employed.  In the first, genetic studies have been performed on individuals with current 

or past exposure to a known leukemia-inducing agent and the presence of unusual, non-

random, or leukemia-related changes has been noted.  In the second approach, 

investigators have looked specifically for leukemia-related genetic changes in individuals 

at elevated risk or in archived samples of those who subsequently developed the disease.  

Examples of both types of approaches are presented below.   

 In cytogenetic studies of the peripheral blood lymphocytes of highly exposed 

atomic bomb survivors conducted thirty plus years after the explosion, a non-random 

distribution of breakpoints was reported (Tanaka et al., 1983; Kamada et al., 1987). A 

number of these nonrandom breakpoints (e.g., 5q31, 7q32, 8q22, 8q24, 11q23, 21q2, 

9q34) lie within or immediately adjacent to regions that are frequently affected in 

therapy-related and de novo leukemias and may represent early cancer-related changes.  

Elevated frequencies of alterations affecting 5q31, 7q22, and 21q22 also have been seen 

in the lymphocytes of ankylosing spondylitis patients many years after radiotherapy 

(Buckton, 1983) and translocations involving 7q32-36 have been observed in the 

lymphocytes of technicians with long-term radiation exposure (Kumagai et al., 1991).   

 Similar studies have been conducted in benzene-exposed workers and in workers 

who had been previously poisoned by benzene.  No obvious breakage pattern has been 

seen, although a nonrandom distribution of chromosome breakpoints has been reported 

by some investigators (Sasiadek et al., 1989; Li and Ding, 1990; Sasiadek and Jagielski, 

1990; Sasiadek, 1992).  In the studies by Sasiadek and associates, an excess breakage was 

reported for chromosomes 2, 4, 7 and 9.  In a limited Chinese study, the lymphocytes of 

four patients and the bone marrow of one patient with chronic benzene poisoning 

exhibited deletions and gaps in the long arm of chromosome 6, a region frequently 

involved in lymphoid neoplasia (Li and Ding, 1990).   
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 It should be noted that nonrandom breakage involving a number of the 

chromosomal bands indicated above are periodically seen in controls or individuals with 

no known exposure to leukemia-inducing agents.  Many of these bands are considered 

fragile sites and their relationship to cancer has been the focus of many hypotheses and 

studies (Yunis and Soreng, 1984; Marlhens et al., 1986; Richards, 2001).   

 

Targeted studies of high-risk patients 

 In the second approach, investigators have specifically looked to determine if a 

disease-specific genetic biomarker was present, typically in peripheral blood or cord 

blood lymphocytes, prior to the onset of leukemia in high-risk individuals, or in archived 

blood and bone marrow samples from individuals who have developed leukemia.  A 

prime example is the measurement of leukemia-specific fusion genes in blood spots 

archived at birth in children who subsequently developed leukemia.  In a series of studies, 

Greaves and colleagues identified unique fusion genes formed by translocations in the 

leukemic cells of childhood leukemia patients (Greaves et al., 2003; Greaves and 

Wiemels, 2003; Greaves, 2005).  Using PCR primers specific for the patients’ leukemic 

clones, the presence of the identical fusion genes was detected in neonatal blood spots 

from the patients that had been archived at birth, months to years prior to the clinical 

onset of leukemia.  Similar results were seen using the detection of clonotypic IGH or 

TCR rearrangements to detect the presence of the preleukemic cell, including cases with 

hyperdiploid karyotypes (Yagi et al., 2000; Taub et al., 2002).  Because the archived 

blood spots only contain ~30,000 nucleated cells and degradation of the DNA can occur, 

a negative test result cannot be interpreted with confidence (Greaves, 2005).  However, 

the results to date indicate that the leukemic lesion is present in ~100% of infant ALL 

with the MLL-AF4 lesion, ~75% of cases of childhood ALL with the TEL-AML1 lesion, 

~50% of childhood AML cases with the AML1-ETO lesion, and a majority of childhood 

ALL exhibiting hyperdiploidy (Taub et al., 2002; Greaves and Wiemels, 2003; Greaves, 

2005).  A prenatal origin has also been shown for pediatric leukemias exhibiting 

translocations involving the PML-RARA and the CBFB-MYHII fusion genes (McHale et 

al., 2003).  In contrast, these studies have also shown that a similar fusion gene is 

infrequently seen in childhood ALL exhibiting the E2A-PBX1 fusion gene.  These results 
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demonstrate that when a leukemic cell has a unique and known genetic rearrangement, it 

is possible to detect the presence of the sequences years before the clinical onset of 

leukemia.   

 Genetic biomarkers have also been used to monitor several groups of patients at 

high risk for developing t-AML resulting from intensive chemotherapy.  Several studies 

have been performed to monitor translocations involving MLL fusion products following 

treatment with topoisomerase II inhibitors.  A retrospective analysis was performed using 

cryopreserved and slide-affixed bone marrow cells obtained from a 13-year old AML 

patient who had previously been treated with topoisomerase II inhibitors (as well as other 

chemotherapeutic agents) for neuroblastoma (Megonigal et al., 2000).  Using a panhandle 

PCR approach and Southern blotting, the MLL-GAS7 fusion gene was not detectable in 

the bone marrow at the diagnosis of neuroblastoma, but was present 3, 7, 10, 11 and 12 

months after diagnosis.  An analysis of bone marrow aspirates on glass slides revealed 

that the lesion was present 1.5 month after the start of treatment.  Interestingly, at this 

point the patient had only been treated with two courses of cyclophosphamide, 

doxorubicin, and vincristine.  Monocytosis and cytopenias appeared at 4.5 months and 

AML (FAB M4) 15.5 months after the translocation was detectable by PCR.   

 In a similar study, PCR with patient-specific primers was used to detect MLL-

ENL fusion genes in the bone marrow and blood samples previously obtained from a 16-

year old boy with ALL who subsequently developed t-AML (Blanco et al., 2001).  The 

leukemic gene was not present in the bone marrow at the time of ALL diagnosis or 56 

days after the start of chemotherapy.  The MLL-ENL fusion gene was detected in the 

bone marrow after 6 and 20 months from the beginning of chemotherapy and at the 

diagnosis of t-AML (FAB M4).  Of note,the fusion gene was not detected in blood 

samples at the time of ALL diagnosis or after 0.7, 2, 8, 10, and 12 months of therapy but 

was detected beginning 16 months after therapy and at t-AML diagnosis (23 months).  

 In a prospective study, Ng and associates monitored MLL cleavage and 

rearrangement using Southern blot analysis and panhandle PCR in serial samples from 71 

children undergoing chemotherapy (Ng et al., 2005).   MLL cleavage was observed in six 

bone marrow samples from five patients beginning 2-10 months after the start of therapy.  

Three of the children with low levels of cleavage (23-30%) remained well and two were 
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receiving treatment at the end of the study.  One child with two positive samples and a 

higher level of cleavage (45-48%) died from treatment-related toxicity and relapsed 

leukemia.  The patient with the highest level of MLL cleavage (50%) at 3 months 

developed a t-AML with an MLL rearrangement 6 months after the start of treatment.  In 

this case, the MLL rearrangement was only detected in the bone marrow at the onset of 

the t-AML.  Only the germline MLL breakpoint-cluster-region fragment was seen at the 

initial evaluation in the five patients, and in all of the blood samples obtained for the 

entire cohort.  There was no obvious relationship between between the degree of MLL 

cleavage and the cumulative dose or schedule of the topoisomerase II inhibitors 

administered.   

 Cancer patients receiving an autologous bone marrow transplant are at high risk 

of developing t-AML (up to 20%) and have been the focus of several biomonitoring 

studies.  This technique is typically used for patients that have failed standard induction 

and salvage therapies.  Consequently at the time of transplantation, the patients have been 

exposed to numerous treatments prior to the high dose chemotherapy used in the 

procedure.  Morphologic and genetic markers have been monitored in bone marrow cells 

collected at the time of transplantation and at various follow-up times.  Several of these 

studies, briefly described below, illustrate some of the promise and challenges associated 

with trying to monitor disease-related biomarkers in high risk individuals. 

 Amigo and associates performed a retrospective FISH analysis using the 

cryopreserved peripheral blood stem cells that were used for transplantation and showed 

that the clonal cytogenetic anomalies (-15 and dic(7;15) present at the diagnosis of t-

AML were present in the stem cells at the time of transplantation, twenty-seven months 

earlier (Amigo et al., 1998).  The same alterations were also seen in bone marrow 

samples harvested 6 months after transplantation.  Abruzzese and colleagues performed a 

retrospective analysis of morphologically normal pre-transplant marrow or stem cell 

specimens obtained from 12 patients who subsequently developed t-MDS (Abruzzese et 

al., 1999).  In 9 of the 12 cases, the same cytogenetic abnormality observed at the 

diagnosis of MDS was detected by FISH in the pre-high dose chemotherapy specimens.  

Similar results were seen by Mach-Pascual and co-workers (Mach-Pascual et al., 1998).  

They performed a number of clonality assays on 78 patients following autologous bone 



 50 

marrow transplantation.  Of the 78 patients, 37 had cytogenetic analyses performed after 

the transplant, and 16 of these had a cytogenetically abnormal clone.    

 Bhatia and colleagues conducted a prospective study of morphological, cellular 

and genetic changes occurring in 103 patients undergoing autologous hematopoietic cell 

transplantation for lymphoma (Bhatia et al., 2005).  Eight patients eventually developed 

t-MDS/t-AML.  These patients tended to have a reduced recovery of committed 

progenitor cells and a poor telomere recovery.  Cytogenetically, in most cases, only cells 

with a normal karyotype were detected prior to the high dose chemotherapy performed 

shortly before transplantation, and at sampling times prior to the development of t-

MDS/t-AML (for samples that were evaluated). In one case, the patient had an abnormal 

clone at the time of transplantation but exhibited a normal karyotype at the diagnosis of t-

MDS.   

 In other cases, chromosomal instability has been observed so that clonal 

aberrations observed at an early stage in high-risk patients may not be detected at a later 

stage.  For example, as part of a prospective study of 229 women treated with high dose 

therapy and autologous stem cell transplantation, cytogenetic analyses were performed on 

60 women over a period of 12-59 months after the transplantation. None of the women 

exhibited a clonal leukemia-related aberration.  However, three patients did show other 

types of clonal chromosomal abnormalities {two with trisomy X and one with a t(1;6)} 

and two exhibited non-clonal reciprocal translocations.  Two of the patients with clonal 

aberrations had blood cytopenias as well as dysplastic features in the bone marrow.  

However, these were not classifiable as MDS.  Similar dysplastic features were seen in 

four patients with normal karyotypes.  All of the cytogenetic aberrations, with the 

exception of a +X detected by FISH in a residual cell population, were transient and 

disappeared.  None of the 229 women developed t-MDS/t-AML within the period 

evaluated in the study. 

 In contrast, more striking results were seen by Lillington and associates in their 

studies of 230 patients who underwent high dose therapy followed by autologous 

hematopoietic progenitor cell support (Lillington et al., 2001; Lillington et al., 2002).  

Overall, thirty-three of the patients developed t-MDS/t-AML and 20 of these were 

screened for the presence of therapy-related abnormalities prior to the high dose therapy.  
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Another 24 high dose therapy patients without t-MDS/t-AML were used as controls. 

Using an interphase FISH assay with probes to detect the types of aberrations seen in t-

AML following treatment with alkylating agents, significant levels of abnormal bone 

marrow cells were seen prior to high dose therapy and at intermediate follow-up times in 

20/20 patients who developed the secondary leukemia as compared to 3/24 patients in the 

control group.  The median time from high dose treatment to the development of t-

MDS/t-AML was 4.5 years.  Traweek et al. reported a 9% risk of developing clonal 

cytogenetic abnormalities typical of t-MDS at 3 years following high dose therapy, with 

~50% of the patients with an abnormal clone developing t-MDS (Traweek et al., 1994; 

Mach-Pascual et al., 1998).   

 

Targeted studies of exposed workers 

 As indicated previously, researchers have used interphase and metaphase FISH to 

investigate whether benzene-exposed workers exhibited altered levels of chromosomes 

implicated in secondary leukemias induced by benzene and other agents (Zhang et al., 

2002).  In the UCB/NCI benzene studies, highly exposed workers exhibited significantly 

elevated frequencies of trisomy or hyperdiploidy for chromosomes 1, 5, 7, 8, 9, and 21 as 

well as monosomy for chromosomes 5, 7, and 8, but not for chromosomes 1 and 21 

(Zhang et al., 2002).  Deletion of portions of the long arms of chromosomes 5 (5q31) and 

7 (7q36-qter) as well as translocations between chromosome 8 and 21 were also reported 

to occur at increased frequencies in the exposed workers (Smith et al., 1998; Zhang et al., 

1998).  The elevation of these alterations in the workers combined with the recognition 

that a number of the observed alterations such as -5, -7, 5q-, 7q-, +8, t(8;21) are seen in 

treatment-related or de novo leukemias suggests that the observed alterations might 

contribute to benzene leukemogenesis and indicate individuals at a higher risk of 

developing leukemia. However, as mentioned previously, similar results for some of 

these FISH biomarkers were not seen in similar studies of benzene-exposed workers 

conducted by a different group of investigators (Qu et al., 2003).  Additionally it should 

be noted that the frequencies of hyperdiploid and hypodiploid cells in these studies are 

very high in both the exposed and the control workers and much higher than those seen in 

studies using conventional cytogenetic approaches.  Secondly, while increased 
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translocations between chromosome 8 and 21 were seen in the exposed workers, only two 

cells observed in one individual involved the specific chromosomal regions involved in 

leukemogenesis. However, the presence of the fusion gene in this individual was 

confirmed by RT-PCR.    

 

Genetic alterations in normal individuals 

 Ideally the levels of a disease-related biomarker should correlate well with the 

risk of developing the disease.  Because of the rarity of leukemia, one might expect that 

the frequencies of leukemia-related biomarkers would be quite low in the general 

population.  Alternatively, the biomarkers could be more common but additional 

uncommon genetic changes would need to occur for the altered cell to progress to a 

leukemic cell.  This second scenario appears to be more likely as relatively high levels of 

many of these disease-related biomarkers have been detected in normal non-exposed 

individuals.  

 Greaves and colleagues investigated the frequencies of gene fusion products 

associated with childhood leukemia in a number of studies (Mori et al., 2002; Greaves et 

al., 2003; Greaves and Wiemels, 2003; Greaves, 2005).  As indicated previously, these 

investigators screened approximately 600 unselected cord bloods for the presence of 

TEL/AML1 or AML1-ETO sequences using PCR techniques.  In the confirmed positive 

cord bloods, they enriched, identified and counted cells with the associated translocations 

{t(12;21) and t(8;21)}using a combined fluorescence in situ hybridization 

(FISH)/immunophenotyping approach.  The results demonstrated that approximately 1% 

of newborns had a TEL-AML1 positive B lineage clone and 0.2% exhibited an AML1-

ETO positive clone.  The observed frequency is ~100-times the incidence of TEL-AML1 

positive ALL (~1 in 12,000) or AML1-ETO-positive AML (~1 in 80,000), and indicates 

that gene fusion by chromosomal rearrangement is far more common than suggested by 

the overall rarity of the diseases (Mori et al., 2002; Greaves and Wiemels, 2003; Greaves, 

2005).  Other translocations including t(9;22), t(6;11), t(15;17) and the del(1p) as well as 

higher levels of t(12;21) have been reported in the literature (Eguchi-Ishimae et al., 2001; 

Janz et al., 2003; Smith et al., 2005a).  In most cases, these were detected in small 

numbers of individuals (Smith et al., 2005a), or the transcripts were detected in a large 
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proportion of those tested but were present at much lower copy numbers (Basecke et al., 

2002).  In some cases when much higher frequencies of the fusion genes have been 

reported in the general population (Uckun et al., 1998), others have not been able to 

reproduce the results (Greaves et al., 2003).   

 Other types of genetic alterations seen in leukemic cells have also been detected 

at high frequencies in normal individuals.  For example, partial tandem duplications of 

the MLL gene detected by RT-PCR have been reported to occur at high, widely varying, 

frequencies (16-93%) in the blood and bone marrow of healthy individuals (Marcucci et 

al., 1998; Schnittger et al., 1998) and in the cord blood of infants (Basecke et al., 2006b).   

However, differences have been seen between rearrangements seen in leukemic patients 

and those detected in healthy individuals, suggesting that the detected PCR products may 

not function in the same manner and/or may be splicing artifacts (Marcucci et al., 1998).  

In addition, the levels of the MLL partial tandem duplication that have been reported as 

commonly detected are present at much lower levels in healthy individuals (Basecke et 

al., 2006b).   

 In many cases, the presence of the fusion genes in normal individuals has been 

based on the detection of the fusion gene transcripts by nested RT-PCR and has not often 

been followed by sequencing of the cDNA (Janz et al., 2003).  Furthermore, confirmation 

by obtaining the reciprocal fusion transcripts or the corresponding genomic sequences 

has not been obtained.  As a result, the quality of the evidence in many cases is 

considered to be quite weak (Janz et al., 2003).  The retrospective studies by Greaves and 

associates are a notable exception, and considered to be of high quality. Also, a number 

of these quality issues seem to have been addressed in more recent studies (Basecke et 

al., 2006b).   

 Similarly, the frequencies of hyperdiploidy and hypodiploidy detected using FISH 

in both the exposed and control subjects are quite high in the reported studies, and most 

likely reflect other phenomena in addition to the actual chromosome numbers (Eastmond 

et al., 1995).  When using FISH, problems can occur in measuring both chromosome loss 

and gain and the results can be significantly influenced by numerous technical factors 

(e.g. probe quality, harvest and hybridization conditions, DNA staining, overlap of 

signals, scoring criteria, etc.).  It should also be noted that technical problems such as 
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artefactual chromosome loss or inadequate cell proliferation can also affect conventional 

cytogenetic analyses.  Sample size can also be an issue.  Typically, only 20 metaphase 

cells are evaluated clinically, so aberrant cells with low levels of aberrations or cells that 

replicate slowly in culture may not be detected.  This may have a significant effect on the 

interpretation of the usefulness or feasibility of using a biomarker.  For example, in the 

Bhatia study (Bhatia et al., 2005), the cytogenetic analyses indicated that most patients 

had a normal karyotype until the clinical onset of the t-AML.  This could be correct or the 

sample size could have been inadequate to detect an emerging preleukemic clone.  

   

Gene expression changes 

 In recent years there has been great interest in applying genomic technologies to 

improve the diagnosis and treatment of patients with leukemia.  Microarrays allow 

thousands of mRNA transcripts to be assessed simultaneously and powerful algorithms 

have been developed to allow efficient mining of the resulting data.  Software has also 

been developed to allow pathways and networks to be identified from the gene 

expression patterns.  While most efforts have focused on identifying the biological 

characteristics of the leukemias and developing a more accurate classification of 

leukemic sub-types, this approach has the potential to identify new and potentially 

specific biomarkers that will be predictive of future leukemic risk.  

 The initial expression studies on childhood leukemia were performed by Golub 

and colleagues who used gene expression arrays to develop a molecular classification of 

leukemia (Golub et al., 1999).  Using the array data, they were able to separate ALL and 

AML by their gene expression patterns.  These initial results have been followed by 

others who have expanded these studies to adults and focused on using these genomic 

approaches to identify and classify subtypes of leukemia, compare the patterns with those 

seen in normal hematopoietic cells, investigate the role of certain genetic alterations, and 

identify patients at risk for resistance to chemotherapy or at risk for relapse following 

treatment (Staal et al., 2003; Ross et al., 2004; Willenbrock et al., 2004; Andersson et al., 

2005; Cario et al., 2005; Carroll et al., 2006).  Larsen and associates used expression 

profiling in bone marrow CD34+ hematopoietic progenitor cells to investigate gene 

expression patterns that characterize sub-types of t-AML (Qian et al., 2002; Larson and 
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Le Beau, 2005).  In this relatively small study, two groups were identified; leukemias 

with a clonal -5 or 5q- karyotype had a higher expression of genes involved in cell cycle 

control, checkpoints or growth, and loss of expression for the gene encoding the IFN 

consensus sequence-binding protein.  The second group of leukemias was characterized 

by a down-regulation of transcription factors involved in early hematopoiesis and an 

overexpression of proteins involved in signaling pathways in myeloid cells (FLT3) and 

survival (BCL2).  Somewhat surprisingly, leukemias with the -7/7q- karyotype did not 

cluster with those exhibiting the -5/5q- karyotype.   

 Downing and associates measured gene expression patterns in 360 pediatric ALL 

patients to determine if profiling could be used to tailor therapy for an individual patient 

(Yeoh et al., 2002).  Distinct expression profiles were identified for each of the important 

leukemia sub-types, including T-ALL, E2A-PBX1, BCR-ABL, TEL-AML1, MLL 

rearrangement, and hyperdiploid with >50 chromosomes.  In addition, a new subtype was 

identified based upon a unique expression profile.  Moreover, a unique expression profile 

was identified in the ALL blasts of patients with the TEL-AML1 translocation who 

developed t-AML suggesting that this approach may be useful to identify patients at high 

risk for developing a treatment-related leukemia.  In a follow-up study by the same group 

of investigators, gene expression profiles were performed on 228 children undergoing 

chemotherapy with leukemogenic agents such as etoposide (Bogni et al., 2006).  

Expression of 68 probes corresponding to 63 genes was significantly related to the risk of 

developing t-MDS/AML.  Expression patterns for 12 of the 13 patients that developed t-

MDS/AML clustered together in one group.  Distinguishing genes included transcription-

related oncogenes (MYB, PAX5 and PIM2), key kinases (MAP2K1 and PGK1) and the 

cell cycle related genes (CCNG1, CCNG2, CCND1 and CDK8).  The histone HIST1H4C 

was also overexpressed in the t-MDS/AML children and was the only distinguishing gene 

that was common to both studies.  One of the problems with gene expression experiments 

is that, because of the multiple comparisons conducted, they are highly prone to type 1 

error.  As a result, it is important that the results be replicated.  However with 

verification, these results could be quite valuable in identifying new types of leukemia-

related biomarkers (or combinations of biomarkers) and help identify patients as well as 

environmentally exposed individuals at increased risk for developing leukemia. 
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Proteomic approaches 

 Recent advances in proteomics have led to new efforts to develop diagnostic tools 

and biomarkers of leukemia. Much of the initial work has focused on using tools such as 

two-dimensional electrophoresis and mass spectrometry to profile proteins in different 

classes and subclasses of leukemia with a goal of improving the classification and 

understanding the mechanisms underlying the disease (Cui et al., 2004; Te Kronnie et al., 

2004; Cui et al., 2005; Hegedus et al., 2005; Habib and Finn, 2006; Lopez-Pedrera et al., 

2006).  In some ways, this can be seen as an extension of existing protein-based 

immunophenotyping that is widely used to classify leukemias (Te Kronnie et al., 2004).  

However, this field is rapidly expanding in new directions and with the development of 

new techniques such as the use of aptamers and single cell proteomics which may allow 

new leukemia-specific biomarkers to be identified (Irish et al., 2006; Shangguan et al., 

2006).  For example, through screening sera of leukemic patients and comparing them 

with those found in several groups of controls, Cui and associates identified the presence 

of an autoantibody against a protein known as Rho GDP dissociation inhibitor 2 in 15 of 

21 (71%) patients with acute leukemia and only 2 of 42 (4%) controls.  Five other protein 

autoantibodies were also detected which were more prevalent in the leukemia patients.  

These may prove to be useful as biomarkers or for developing diagnostic screens.   

 Because of the emerging nature of this field, only now are studies appearing in the 

literature in which these new proteomic strategies have been applied to identify 

individuals at high risk for developing leukemia. In an initial study, Joo and colleagues 

used two-dimensional gel electrophoresis and mass spectrometry to compare plasma 

proteins in 50 benzene-exposed printing company workers and compared them with those 

of 38 controls (Joo et al., 2003; Joo et al., 2004).  Three proteins, T cell receptor beta 

chain, FK506-binding protein and matrix metalloproteinase-13, were expressed only in 

the benzene-exposed workers.  In addition, interleukin-4 receptor alpha chain and Tcell 

surface glycoprotein CD1b precursor were upregulated in the plasma of the exposed 

workers.  A correlation was seen between the levels of T cell receptor beta chain and 

DNA damage measured in lymphocytes using the COMET assay.  No association was 

seen between these proteins and urinary levels of t,t-muconic acid.  These results suggest 
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that T cell receptor beta chain could be useful as a biomarker of benzene exposure and 

early effects.   

 In a more recent proteomic study conducted as part of the UCB/NCI series of 

studies on benzene, Vermeulen and colleagues used an array-based proteomic approach 

to investigate changes in protein expression patterns in workers exposed to benzene 

(Vermeulen et al., 2005).  In two sequential studies, sera from 10 benzene-exposed 

workers and 10 controls were analyzed using ProteinChip arrays followed by surface-

enhanced laser desorption/ionization time-of-flight mass spectrometry.  Three proteins 

were consistently downregulated in the exposed workers of both studies.  Two of these 

were subsequently identified as platelet factor 4 and connective tissue activating peptide 

III. These results suggest that the lowered expression of these two proteins could 

potentially be used as a biomarker of benzene’s early biological effects, and provide 

insights into the immunosuppressive effects of benzene.  However, the protein changes 

observed differed between the Joo and the Vermeulen studies, and reinforce the need for 

replication and validation of biomarkers generated through these new “omics” 

approaches.   

 

Biomarkers of altered structure/function 

 As indicated above, most cases of myelotoxicity induced by leukemogenic agents 

are transient and return to normal following the end of treatment or exposure.  However 

in a minority of cases, the induced myelosuppression can persist and progress to more 

serious disorders including pancytopenia and, infrequently, aplastic anemia which 

confers a 5-15% risk of developing leukemia (Aksoy et al., 1984; Jandl, 1987; Imashuku 

et al., 2003).  Increased risks of developing leukemia are also seen with inherited clonal 

hematopoietic disorders such as paroxysmal nocturnal hemoglobinuria, congenital 

neutropenias, and Fanconi anemia (Harris et al., 1999; Freedman and Alter, 2002).   

 In recent years, a number of approaches including the detection of clonal 

hemptopoietic abnormalities have been attempted in individuals at high risk for 

developing leukemia.  In particular, clonality assays based on X-linked polymorphisms 

have been tested to identify an emerging clonal population in the bone marrow.  

Retrospective studies have shown the presence of clonal hematopoiesis in the bone 
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marrow of patients who developed T-MDS following marrow transplantation (Gale et al., 

1996).  In a more recent study, the X-inactivation based clonality assay at the human 

androgen receptor locus (HUMARA) was used to determine the clonality of 

hematopoiesis in the bone marrows of 104 women undergoing autologous bone marrow 

transplantation for non-Hodgkin’s lymphoma (Mach-Pascual et al., 1998).  At the time of 

transplantation and after previous chemo- and/or radiation therapy, the prevalence of 

polyclonal hematopoiesis was 77% (80/104), that of skewed X-inactivation pattern was 

20% (21/104), and the prevalence of clonal hematopoiesis was 3% (3/104).  In a 

subgroup of 78 patients, the value of the assay for predicting t-MDS/t-AML was 

evaluated.  At 18 months or longer after transplantation, 53 of 78 patients had persistent 

polyclonal hematopoiesis, 15 of 78 had a skewed X-inactivation pattern, and 10 of 78 

(13.5%) either had or had previously exhibited clonal hematopoiesis.  T-MDS/t-AML 

developed in 2 of 53 patients with polyclonal hematopoiesis, and in 4 of 10 with clonal 

hematopoiesis. Thus, women with clonal hematopoiesis detected in this assay were at a 

substantially higher risk of developing leukemia.  Cytogenetic analyses were performed 

for approximately half of the women at various times during the study.  Cytogenetic 

results were available for 7 of the 10 with clonal hematopoiesis.  Of the 7, 5 had an 

abnormal cytogenetic clone, which in each case was present in over 50% of the 

metaphases.  In contrast, only 9 of 28 (32%) of the non-MDS patients with nonclonal 

hematopoiesis had abnormal cytogenetics, and in only one was the abnormality present in 

more than 50% of the metaphases.  While this assay appears to have predictive value, it 

has a number of limitations.  It is limited to the bone marrow of selected females, those 

who do not have an excessive inactivation of one of their X-chromosomes relative to the 

other, and the assay is unable to detect clones until they comprise 10-30% of the cell 

population (Mach-Pascual et al., 1998; Abruzzese et al., 1999).  Thus, the assay is 

unlikely to detect preleukemic clones until fairly late in the progression of the disease.   

 It should also be noted that abnormal hematopoiesis is not uncommon following 

high dose therapy and may not lead to t-MDS/t-AML even when leukemic-related 

cytogenetic clones are present (Laurenti et al., 2002).  Irons and associates have been 

performing detailed studies on workers previously poisoned by benzene that have 

persistent and ongoing bone marrow dysplasia (Irons et al., 2005).  A clonal expansion of 
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T-cell subpopulations in the bone marrow has been seen without a detectable increase in 

clonal cytogenetic abnormalities in the bone marrow.  Surprisingly, even though 

significant bone marrow dysplasia is present in the bone marrows, approximately 25% of 

the affected patients had normal or near normal peripheral blood counts.  In similar 

studies, Bhatia and colleagues showed that defects in hematopoiesis with marked 

reductions in primitive and committed progenitor cells were common in chemotherapy-

treated patients prior to transplantation and that a profound reduction in primitive 

progenitor cells occurred after transplantation that took 3 years or more to recover 

(Bhatia et al., 2005). The recovery of committed progenitor cells was largely complete 

within one year.  Risk of developing t-MDS/AML seemed to be related to a reduced 

recovery of committed progenitor cells and telomere function, indicative to the authors of 

a functional defect in the primitive hematopoietic cells.   

 

General comments of leukemia-related biomarkers: 

 A number of general observations and insights into the use of disease-related 

biomarkers can be derived from the examples presented above.  First, a large number of 

genetic (and other changes) have been seen in the different types of leukemia.  It is very 

unlikely that a single or even several biomarkers will be able to detect most of the many 

different alterations and subtypes of leukemia.  To be effective, biomarkers targeting 

specific classes of genetic and cellular alterations will probably need to be employed.  

For example, it should be possible to develop effective strategies and biomarkers 

targeting genetic changes characteristic of leukemias induced by alkylating agents or 

topoisomerase II inhibitors.  As a result, understanding or knowing the likely mode of 

action for an environmental or therapeutic agent should substantially increase the 

likelihood of success.  This will also facilitate the integration of biomarkers with other 

toxicological and epidemiological information, and enhance its use in the risk assessment 

process. 

 The examples presented above indicate that in many cases disease-related 

biomarkers can be used to detect early changes in individuals but these are most 

successful in evaluating individuals known to be at high risk or previously diagnosed 

with a specific genetically altered form of leukemia.  These techniques are particularly 
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useful in retrospective studies when customized primers or probes can be used.  When 

they occur, the genetic changes can become detectable at both early and late stages in the 

development of the leukemic cell.  Alterations occurring in the bone marrow, if detected 

in the blood, may not be seen until considerably later in the process.  While plausible, it is 

not certain that alterations or changes detected in the peripheral blood lymphocytes or 

plasma are reflective of events occurring in the critical pluripotent stem cell or committed 

cells in the bone marrow. 

 Levels of the disease-related biomarkers do not always correlate closely with the 

administered dose or exposure suggesting that other susceptibility factors are involved.  

In addition, many of the markers can be detected in normal individuals so that their 

relationship to the disease and their ability to predict the progression of the disease must 

involve additional determining factors.  Clonal variation and evolution can also occur 

during hematopoiesis, particularly during abnormal hematopoiesis that occurs following 

significant toxicity.  Many of the resulting abnormal clones appear to be genetically 

unstable.  Not surprisingly, from among the various biomarkers, the presence of 

leukemia-related changes would appear to confer the greatest risk for developing the 

disease and offer the greatest promise as a biomarker.    

  

Biomarkers of susceptibility 

 Inherited polymorphisms in genes involved in xenobiotic metabolism and other 

cellular processes have been associated with increased risks of myelotoxicity or leukemia 

in numerous studies of patients or workers exposed to leukemogenic agents.  In some 

instances, similar associations have been seen in follow-up studies by other investigators.  

However, in a significant number of cases, the results have either not been repeated or 

have not been reproducible.  Consequently, it is difficult to make firm conclusions about 

many of the reported polymorphisms.  A list of genes that have been associated with 

either an increased or, in some cases, a decreased risk of leukemia is shown in Table 10.  

Identifying consistent associations is particularly challenging because of the biological 

and etiological differences in infant, childhood and adult ALL and AML, the differences 

in ethnicity among the patients studied, and the variety of therapeutic regimens used.  

Several recent reviews on polymorphisms and leukemia have been published (Cheok and 
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Evans, 2006; Cheok et al., 2006; Sinnett et al., 2006), and the reader is recommended to 

refer to them for additional details.  The following is a brief overview of some of the 

genetic polymorphisms that have been repeated associated with an altered risk of 

developing leukemia.   

 One of the polymorphic genes that has been repeatedly associated with an 

increased risk of leukemia is NAD(P)H quinone oxidoreductase 1 (NQO1), an enzyme 

involved with the reduction of quinones and protecting against oxidative stress.  As 

summarized by Smith and others (Smith, 1999; Perentesis, 2001; Smith et al., 2004), 

NQO1 activity is closely related to sequence changes in its coding region.  A single 

nucleotide change (C to T) at position 609 results in a proline to serine substitution with 

near complete loss of enzyme function in that allele.  Enzyme activity is completely 

lacking in people homozygous for this variant whereas those who are heterozygous have 

an intermediate level of activity.  Studies have shown that this inactivating polymorphism 

is overrepresented in patients with t-AML (Larson et al., 1999), in those with de novo 

AML, particularly those with translocations or an inv(16) clonal aberration (Smith et al., 

2001), and in infant leukemias with a 11q23 karyotype, and infants and children with the 

t(4;11) form of ALL (Wiemels et al., 1999; Smith et al., 2002).  While these initial 

studies indicated a consistent association with a number of different leukemia types, more 

recent studies have been less consistent with only a few showing an association (Naoe et 

al., 2000) and others not (Blanco et al., 2002; Sirma et al., 2004; Eguchi-Ishimae et al., 

2005; Malik et al., 2006).   

 Reduced activity NQO1 alleles have also been reported to be more common in 

benzene-exposed Chinese workers with reduced blood cell counts or who had previously 

exhibited benzene poisoning.  In the initial study by Rothman and colleagues (Rothman 

et al., 1997), an increased risk of hematotoxicity was seen with the C609T polymorphism 

whereas in a later study by the same group, only another C465T polymorphism was 

associated with the increase in risk (Lan et al., 2004).  Interestingly in another Asian 

population, the C465T variant was seen to be strongly associated with infant leukemia, 

particularly the t(4;11) form of ALL (Eguchi-Ishimae et al., 2005).   

 Thiopurine methyltransferase (TMPT) catalyzes the S-methylation of thiopurine 

medications such as 6-mercaptopurine and 6-thioguanine, which are commonly used to 
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treat ALL.  As summarized from (Cheok and Evans, 2006), the TMPT pathway is the 

primary mechanism for inactivation of thiopurines in hematopoietic tissues. The link 

between TMPT polymorphisms and mercaptopurine toxicity has been extensively 

investigated and studies have shown a strong relationship between TMPT deficiency 

polymorphisms and hematopoietic toxicity.  Three variant alleles are responsible for 

>95% of the cases with low or intermediate TMPT activity. Patients homozygous or 

heterozygous for the low activity alleles are inefficient at detoxifying the 

mercaptopurines and accumulate high concentrations in their hematopoietic tissues.  If 

their doses are not modified, they are at high risk for severe hematopoietic toxicity.  

Inherited TMPT deficiency has also been associated with a higher risk of t-AML, 

particularly in ALL patients treated with topoisomerase II inhibitors (Thomsen et al., 

1999; Gadner et al., 2006).  It has been postulated that the increased risk may be due to 

an interference of 6-thioguanine or methylated 6-mercaptopurine with DNA repair after 

DNA damage has been induced by other chemotherapeutic agents.   

 Proper folate metabolism is necessary for the maintaining the integrity of DNA.  

Depleted folic acid levels increase plasma homocysteine levels and can lead to a 

disruption in DNA methylation (Smith et al., 2004).  In addition, depletion can lead to 

uracil incorporation into DNA, diminished DNA repair capacity, and increased DNA 

strand breakage and chromosomal damage (Robien and Ulrich, 2003).  The folate-

metabolizing enzyme, 5,10-methylenetetrahydrofolate reductase (MTHFR) directs 5,10-

methylenetetrahydrofolate towards methione synthesis at the expense of DNA synthesis.  

The MTHFR polymorphisms, the C677T and the A1298C, are associated with reduced 

enzyme activity and enhance the flux of folate towards DNA synthesis and repair 

processes (Smith et al., 2004).  Three case control studies have reported that children and 

adults with the variant forms of MTHFR have a reduced risk for ALL (Skibola et al., 

1999; Wiemels et al., 2001; Robien and Ulrich, 2003).  Of note, no association has been 

seen for myeloid leukemias. Polymorphisms in other folate-metabolizing genes such as 

thymidylate synthase and serine hydroxymethylase transferase have also been reported to 

reduce the risk of developing ALL (Smith et al., 2005a).  Interestingly, in one study, the 

protective effect of the MTHFR polymorphisms on ALL was only seen in Canadian 

children born prior to 1996, a time before folic acid supplementation was recommended 
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for pregnancy (Krajinovic et al., 2004).  In an Australian study, folate supplementation 

during pregnancy has also been reported to have a significant protective effect against 

childhood ALL (Thompson et al., 2001).    

 Defective mismatch repair is often manifested by microsatellite instability in the 

cancer cells.  Microsatellite instability is frequently seen in leukemias, particularly in t-

AML where it has been reported to occur in ~50% of the cases (Karran et al., 2003).  In 

contrast, less than 5% of de novo leukemias exhibit microsatellite instability.  While the 

basis for this instability is still unknown, one factor that may contribute are deficiencies 

in DNA mismatch repair enzymes.  In a recent report, the hMSH2 mismatch repair 

variant was shown to be significantly overrepresented in t-AML patients that had 

previously been treated with 06-guanine-forming alkylating agents including 

cyclophosphamide and procarbazine, as compared with controls (Worrillow et al., 2003). 

In addition, polymorphisms in several genes involved in DNA double-stand break repair 

(WRN, TP53 and BRCA2) were recently reported to be associated with a decrease in 

white blood cell counts in benzene-exposed workers (Shen et al., 2006).  

 Numerous xenobiotic metabolizing enzymes (Cheok et al., 2006) as well as 

several cytokines (Lan et al., 2005) have been associated with increased risks of 

myelotoxicity or leukemia.  However in these cases, the reports are generally limited to a 

small number of studies or somewhat conflicting results. While risks associated with 

most polymorphisms are modest in magnitude (generally ~2-fold), substantially higher 

risks have been seen for individuals who have more than one at-risk genotype or 

phenotype.  For example, benzene-exposed individuals who were rapid CYP2E1 

metabolizers and had the C609T slow variant for NQO1 had a 7.6-fold increased risk of 

benzene poisoning as compared to exposed individuals with the slow metabolizer 

phenotype who had one or two of the wild type NQO1 alleles (Rothman et al., 1997).  

Individuals with combinations of at-risk genotypes have also been reported to have a 

substantially increased risk of ALL (Sinnett et al., 2006).   

 While the studies to date have focused on the genotypes of the patients and 

exposed workers, it is possible, especially for infant and childhood leukemias, that the 

maternal genotype may also contribute to the child’s susceptibility.  Sinnett and 
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colleagues present some suggestive evidence that the parents’ genotypes can also play a 

role in a child’s risk of developing ALL (Sinnett et al., 2006).   

 

In vitro and animal models 

 For most of the biomarkers described in the previous sections, numerous in vitro 

and animal studies have been performed to provide a more thorough understanding of the 

effect being monitored and to establish a foundation for the use of the biomarker.  For 

example, extensive studies have been conducted using in vitro and animal models to 

understand the metabolism of various leukemogens, and these have provided a 

justification for the use of various metabolites as biomarkers.  Similarly, most biomarkers 

of effect have counterparts in animals, and studies have been performed to determine the 

utility of a particular marker to monitor toxicity and for its potential for use as a 

biomarker in humans.   

 Animal models have been widely used to evaluate the potential of chemicals to 

cause cancer and leukemia. While valuable, they have significant limitations, and are 

widely considered to be less than ideal.  For example, while most human leukemia-

inducing agents induce leukemia in rodent models, the types of leukemia induced 

originate from different hematopoietic lineages (Eastmond, 1997).  Treatment-related 

leukemias in humans are predominantly myeloid in origin whereas the leukemias induced 

by the same agents in rodents almost always originate in lymphoid cells.  For this reason 

as well as others, there are often significant reservations about the use of these animal 

models to predict leukemia in humans.  

 In recent years, transgenic animals have also been extensively used to investigate 

the properties and role of specific genes in living organisms. Genetic modifications have 

been performed on mice in order to study the function of many of the genes involved in 

hematopoiesis and implicated in leukemogenesis.  In addition to normal genes, mouse 

models have been developed to provide a more complete understanding of the function of 

the various fusion genes formed by chromosome translocations in leukemic cells. Mouse 

models have been developed for the TEL-AML1, AML1-ETO, MLL-AF9, BCR-ABL, 

and PML-RARα fusion genes as well as others (Janz et al., 2003).  For some such as 

those expressing the BCR-ABL or PML-RARα genes, the mice develop the 
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characteristic leukemia over the course of their lives.  For others such as those with TEL-

AML1 or a conditionally expressed AML1-ETO gene, the transgenic animals exhibit 

various alterations in hematopoiesis but do not normally develop leukemia (Higuchi et 

al., 2002; Janz et al., 2003; Tsuzuki et al., 2004; Fischer et al., 2005).  The altered 

preleukemic phenotypes seen in these mice exhibit features seen in the human disease 

and may serve as useful models for leukemias in children (and adults) that exhibit the 

associated translocations (Tsuzuki et al., 2004).  Interestingly, when the mice 

conditionally expressing the AML1-ETO fusion gene were treated with N-ethyl-N-

nitrosourea, a potent alkylating agent, a significant portion of the mice developed a 

granulocytic sarcoma/AML that exhibited characteristics of human AML with the t(8;21) 

(Yuan et al., 2001; Higuchi et al., 2002).  The treated transgenic mice and their 

littermates also developed thymic T cell lymphomas that were believed to reflect the 

normal tumorigenic response of mice treated with ENU.  

 These transgenic mouse results are consistent with human observations, and 

indicate that leukemia in these mouse models occurs in at least two stages – one 

occurring early in life and a second which triggers the onset of the leukemia. These 

results also indicate that it should be feasible to develop mouse models for other specific 

leukemia sub-types, particularly those affecting children, and that these models could be 

used to investigate the potential contribution of infectious agents, environmental 

chemicals, and various host factors in the etiology of the relevant childhood leukemias. 

 

Application of biomarker information to risk assessment 

 As evidenced in the previous sections, biomarkers have been used extensively to 

provide information about leukemia-related risks associated with exposure to a series of 

therapeutic and environmental agents.  Information on an agent’s mode of action is 

becoming increasingly important in the risk assessment process.  As a result, there is also 

increasing recognition of the value and contributions that biomarker information can 

make at each stage in the process.  Biomarkers can play a valuable role in identifying 

potential toxicants or carcinogens, confirming the mode of action, providing a more 

reliable assessment of exposure and internal dose, and in more accurately assessing the 

relationship between dose and response.   
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 The use of biomarkers can also play a critical role in the final stages of the 

decision-making process, particularly when evaluating the risks of an agent for which 

there is limited evidence of effects in humans.  For example, biomarker data played an 

important and possibly pivotal role in the decision by IARC to list ethylene oxide as a 

known human carcinogen (Group 1) (IARC, 1994).  In evaluating the evidence, the IARC 

working group concluded that there was sufficient evidence of ethylene oxide’s 

carcinogenicity in animals but only limited evidence from human epidemiological 

studies.  However, in making the overall evaluation, the group considered additional 

supporting evidence including information that ethylene oxide is a powerful mutagen 

across all phylogenetic levels, and that it induced persistent dose-related increases in the 

frequency of chromosomal aberrations and sister chromatid exchange in peripheral 

lymphocytes, micronuclei in bone-marrow cells of exposed workers, and a dose-related 

increase in the frequency of hemoglobin adducts in exposed humans and rodents.  In this 

case, the human biomarker data provided a crucial intermediate link between the 

mechanistic and toxicological data obtained from animals and similar, although less 

convincing, observations in humans.  In the future, it is likely that biomarker data will be 

increasingly relied upon to fill data gaps and confirm predictions generated by other in 

silico, in vitro and animal-based methods.   

 A recent report has been published describing how non-tumor data including 

biomarker information can be integrated the risk assessment process (Albertini et al., 

2003a).  The article provides an insightful overview of the topic as well as case studies on 

1,3-butadiene, vinyl chloride and benzene which illustrate the potential application of 

non-tumor and biomarker data in assessing the risks associated with these agents. The 

reader is recommended to refer to this article for a more thorough and systematic 

discussion of the use of biomarkers in risk assessment in general.  This section will focus 

more specifically on issues specifically associated with the use of biomarkers to assess 

the risk of leukemia in children.   

 A thorough assessment of the risk of childhood leukemia requires that a number 

of issues and challenges be considered.  Some of these are common to all risk 

assessments but others are quite specific and unique to childhood leukemia.  Outlined 
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below are a number of key points that should be considered in assessing potential 

childhood leukemia-associated risks.   

• Childhood leukemia is an uncommon disease that originates through a multistage 

process involving a series of genetic changes in hematopoietic stem cells.  Some 

leukemia-associated genetic changes are rare whereas others are quite common.  

The detection of these changes in normal individuals may indicate a substantially 

elevated risk of developing leukemia whereas the risk associated with others such 

as a tandem duplication of the MLL gene may only be significant when other 

alterations have occurred.  This highlights the importance of understanding the 

background incidence and significance of the leukemia-related biomarker being 

considered.  

• Many different pathways and genetic alterations are involved in pediatric 

leukemias.  Both general and leukemia-specific biomarkers exist for monitoring 

the major pathways.  However, given the diversity, a comprehensive monitoring of 

even the major types changes involved in the development of leukemia is likely to 

prove challenging.   

• While the incidence of specific subtypes may vary, overall, the types and subtypes 

of leukemias induced in children and adults are very similar. 

• Most agents inducing leukemia in adults also appear to be capable of inducing 

similar types of leukemia in children.   

• Biomarkers of exposure and effect, particularly leukemia-related biomarkers, that 

have been developed and validated in adults should be relevant for monitoring 

similar changes in children.      

• The types of leukemia induced by xenobiotics in adults and children have similar 

characteristics.  Children appear to be more susceptible to the leukemogenic 

effects of ionizing radiation but do not appear to exhibit increased susceptibility to 

chemotherapeutic drugs, and may be less susceptible.  However, comparisons 

between adults and children are difficult for a number of reasons including the 

rarity of the disease and differences in the therapeutic regimens typically used for 

children and adults.   
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• In general, the acute myeloid leukemias induced in adults and children by 

alkylating agents and topoisomerase II inhibitors exhibit substantially different 

characteristics that allow them to be differentiated.  The characteristics of AML 

induced by ionizing radiation are similar to those of the alkylating agents, although 

the range of subtypes induced is broader.   

• While ALL represents a common type of leukemia in children and adults exposed 

to ionizing radiation, it is only infrequently induced by alkylating agents, and 

topoisomerase II inhibitors.   

• The genetic alterations involved in the development of ALL and AML in children 

appear to occur in at least two stages.  For many childhood leukemias, the 

initiating event appears to be a translocation involving leukemia-related genes that 

occurs prior to birth.  Hyperdiploidy is another early leukemogenic event that can 

occur prenatally.  After birth, additional events must occur for the disease to be 

manifest.   

• For most childhood ALL and infant AML, the initiating events involved in the 

formation of the initial translocations occur prenatally and originate from DNA 

double strand breaks followed by aberrant repair through non-homologous end 

joining.  As a result, DNA damage resulting from normal DNA metabolic 

processing, exposure to endogenous reactive species, or exposure to exogenous 

xenobiotics may contribute to the alterations seen.   

• Postnatally, the critical changes in many childhood ALL are postulated to involve 

a delayed exposure to infection in an inadequately stimulated immune system.  

This then, leads to an expansion in the number of previously mutated pre-leukemic 

cells and increases the likelihood that the second critical mutation will occur.  This 

suggests that in conjunction with exposure to infectious agents, exposure to 

immunomodulating drugs and chemicals could play a role in the etiology of 

childhood ALL.  Exposure to exogenous DNA damaging agents associated with 

additional mutations and chromosomal alterations is also likely to contribute, 

particularly in the development of childhood AML.  

• Leukemia-related translocations are present in healthy children at a frequency 100-

times higher than the incidence of the corresponding leukemia.  Unaffected 
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translocation-bearing children would likely represent a group at substantially 

higher risk of developing leukemia.   

• Prenatal exposure to high doses of radiation is generally accepted as being 

sufficient to induce leukemia.  This means that for a thorough assessment of 

childhood leukemia risks, exposures to the mother during pregnancy need to be 

considered as well as postnatal exposures to the child.  However, the lack of a 

reported increase in exposed children born to pregnant mothers treated with 

chemotherapeutic agents suggests that the associated risks are modest in 

magnitude.   

• Hematopoiesis occurs in different tissues and organs at various stages of fetal and 

embryonic development.  This indicates that critical pre-natal events, including 

tissue-specific bioactivation, may take place in the yolk sac, liver, and lymphoid 

tissues in addition to the bone marrow.   

• Postnatal exposure to ionizing radiation, alkylating agents, and topoisomerase II 

inhibitors has been shown to induce leukemias in children. Significant exposure to 

similar environmental or therapeutic DNA damaging agents during childhood 

would also be expected to be associated with an increased risk of developing 

leukemia.   

• For most leukemogens, the increase in risk is strongly associated with cumulative 

dose.  However, for the topoisomerase II inhibitors, the dose regimen may also 

play an important and modifying role.  Similarly, other host factors such as 

nutrition as well as polymorphisms in xenobiotic metabolizing, DNA synthetic, or 

DNA repair genes also appear to influence the risk of developing leukemia.   

 

Examples of potential uses of biomarkers in assessing risk 

 In practice, risk assessment decisions frequently involve one of two general 

scenarios, one involving an observed cluster of diseases in specific population, and the 

second evaluating the potential risk of a future disease in a population.  In both of these 

scenarios, biomarker information can be quite valuable for identifying, confirming and 

assessing the likely risks.  In most cases, this information is used in a qualitative fashion 

or to provide information about the mode of action or the shape of the dose response 
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curve.  However, in some cases, biomarker information may also be used to provide 

quantitative information on risks.  In the following discussion, the potential use of 

biomarker data to inform the risk assessment decisions under the two scenarios will be 

briefly illustrated.   

 In the first scenario, a hypothetical cluster of childhood leukemia has been 

reported and the risk assessor is one of a team asked to identify the causative agent and 

assess the risks to other children in the community.  For this hypothetical example, let us 

assume that most children in the cluster have the FAB M2 subtype of AML.  Cytogenetic 

evaluations have indicated that most of the leukemic cells exhibit clonal abnormalities 

involving loss of all or the long arms of chromosomes 5 and 7 (-5, 5q-, -7, 7q-).   The 

consistency of the observed leukemias and the relatively rarity of the observed 

cytogenetic alterations add to the weight of evidence indicating that the observed cluster 

is likely to represent a nonrandom increase in leukemias resulting from exposure to an 

alkylating or possibly an ionizing radiation-type of environmental agent. Given this 

information, the team of investigators could use a variety of biomarkers to help identify 

the causative agent and identify other children at elevated risk within the community. 

 In the second scenario, children and adults in a community may be exposed to a 

leukemogenic agent and a team including the risk assessor is asked to identify an 

exposure level that would confer an acceptable level of risk.  In this case, the identity of 

the agent is known.  However, the actual levels and various sources of exposure as well 

as intermediate outcomes of exposure may not be adequately established.  For simplicity, 

we will assume that as in the first scenario, the agent is an alkylating agent that induces 

the M2 subtype of AML that is characterized by clonal aberrations involving -5, 5q-, -7 

and 7q-.  In this case, the use of biomarkers could be used to more accurately estimate the 

levels and sources of exposure.  In addition, the biomarkers could be used to help 

estimate the leukemic risk associated with exposure.   

 The following examples illustrate how biomarkers could be used to provide 

specific types of information for one of the scenarios above:  The examples are listed by 

type of biomarker that corresponds to the sections above.  The relevant section can be 

referred to for specific examples.  
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1) Biomarkers of exposure: Personal dosimeters could be used to quantify overall 

exposure levels and to identify specific sources of children’s exposure to chemicals or 

radiation.   

2) Biomarkers of internal dose: The identification of chemicals in the urine or blood 

could be used to identify potential environmental agents or to more accurately quantify 

exposure to known agents.   

3) Biomarkers of biologically effective dose: The measurement of DNA or protein 

adducts in the blood could also be used to identify species capable of binding to DNA 

and protein.  In some cases due to their persistence, these biomarkers could also be 

used to estimate exposures occurring for weeks to months prior to sampling.  These 

can also be useful in assessing the relationship between exposure, dose and response.   

4) Biomarkers of early biological effect:  A comparison of the frequency of genetic 

changes (chromosomal aberrations, micronuclei, HPRT mutations, etc.) occurring in 

the peripheral blood of exposed or potentially exposed children could help determine 

whether exposure levels had been sufficiently high to cause persistent and non-

persistent alterations. Given the associations seen in recent prospective studies, in the 

future it may be possible to use this cytogenetic information to estimate the cancer 

risks associated with elevated frequencies of chromosomal aberrations and 

micronuclei.  Probes for the loss of entire chromosomes or specific regions of 

chromosomes 5 and 7 could also be used to identify specific leukemia-related genetic 

alterations.  Similarly hematological measurements could be performed to identify 

those with decreased blood counts.   

5) Biomarkers of susceptibility:  The use of genetic polymorphisms for genes involved in 

the metabolism of alkylating agents or the repair of DNA damage could be used to 

identify children who would be more susceptible to the effects of the suspected or 

known agent.  The use of polymorphisms can also be used to give clues to help 

identify as-of-yet unidentified environmental agents associated with childhood 

leukemias.    

 The choice of biomarker to be employed would most likely be determined by the 

information available to the research team as well as the time and resources available.  

Other factors such as access to the study population and available experimental expertise 
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would also play a role.  However, as is evident from both of the scenarios, the use of 

biomarker data can provide valuable information that can be used to inform the risk 

assessment process.   

 

Conclusions 

 Substantial progress has been made in recent years in our understanding of the 

origins of childhood leukemia and in the development of leukemia-related biomarkers for 

both adults and children.  Leukemia develops through a multi-stage process, and in many 

children originates from critical genetic changes that occur in utero.  Subsequent changes 

must occur after birth for the clinically observable leukemia to develop.  In light of these 

two different stages, a thorough evaluation of the leukemia risk factors should include 

exposures to the mother during pregnancy in addition to exposures to the child.  

Biomarkers of exposure, effect and susceptibility are allowing children with increased 

exposures and risks to be identified.  In particular, the development of leukemia-related 

biomarkers has allowed the progression of the disease to be followed, and individuals at 

particularly high risk for developing leukemia to be identified.  However, the many 

pathways leading to leukemia combined with its rarity and variable onset will make it 

difficult to detect the critical disease-related changes and identify high-risk individuals in 

biomarker studies of ordinary children.  It is hoped that ongoing advances in genomic, 

proteomic and computational technologies as well as the development of new transgenic 

animal models will provide additional tools that will enhance future biomarker studies 

and facilitate the identification of at-risk children and adults.   



 73 

References 

Abe, T. (1999). Infantile leukemia and soybeans--a hypothesis. Leukemia 13, 317-320. 
Abruzzese, E., Radford, J. E., Miller, J. S., Vredenburgh, J. J., Rao, P. N., Pettenati, M. 

J., Cruz, J. M., Perry, J. J., Amadori, S., and Hurd, D. D. (1999). Detection of 
abnormal pretransplant clones in progenitor cells of patients who developed 
myelodysplasia after autologous transplantation. Blood 94, 1814-1819. 

ACS (2006). Cancer Facts & Figures 2006. American Cancer Society, Atlanta. 
Aksoy, M. (1988). Benzene hematoxicity. In Benzene Carcinogenicity (M. Aksoy, Ed.), 

pp. 113-144. CRC Press, Boca Raton, FL. 
Aksoy, M., Erdem, S., and DinCol, G. (1974). Leukemia in shoe-workers exposed 

chronically to benzene. Blood 44, 837-841. 
Aksoy, M., Erdem, S., Dincol, G., Bakioglu, I., and Kutlar, A. (1984). Aplastic anemia 

due to chemicals and drugs: a study of 108 patients. Sex Transm Dis 11, 347-350. 
Albertini, R., Clewell, H., Himmelstein, M. W., Morinello, E., Olin, S., Preston, J., 

Scarano, L., Smith, M. T., Swenberg, J., Tice, R., and Travis, C. (2003a). The use 
of non-tumor data in cancer risk assessment: reflections on butadiene, vinyl 
chloride, and benzene. Regul Toxicol Pharmacol 37, 105-132. 

Albertini, R. J., and Hayes, R. B. (1997). Somatic cell mutations in cancer epidemiology. 
In Application of Biomarkers in Cancer Epidemiology (P. Toniolo, P. Boffetta, D. 
E. G. Shuker, N. Rothman, B. Hulka, and N. Pearce, Eds.), pp. 159-184. 
International Agency for Research on Cancer, Lyon, France. 

Albertini, R. J., Nicklas, J. A., O'Neill, J. P., and Robison, S. H. (1990). In vivo somatic 
mutations in humans: measurement and analysis. Annu Rev Genet 24, 305-326. 

Albertini, R. J., Sram, R. J., Vacek, P. M., Lynch, J., Nicklas, J. A., van Sittert, N. J., 
Boogaard, P. J., Henderson, R. F., Swenberg, J. A., Tates, A. D., Ward, J. B., Jr., 
Wright, M., Ammenheuser, M. M., Binkova, B., Blackwell, W., de Zwart, F. A., 
Krako, D., Krone, J., Megens, H., Musilova, P., Rajska, G., Ranasinghe, A., 
Rosenblatt, J. I., Rossner, P., Rubes, J., Sullivan, L., Upton, P., and Zwinderman, 
A. H. (2003b). Biomarkers in Czech workers exposed to 1,3-butadiene: a 
transitional epidemiologic study. Res Rep Health Eff Inst, 1-141; discussion 143-
162. 

Amigo, M. L., del Canizo, M. C., Hernandez, J. M., Gonzalez, M. B., Gutierrez, N., 
Mateos, M. V., and San Miguel, J. F. (1998). Clonal myelodysplastic cells present 
in apheresis product before transplantation. Leukemia 12, 1497-1499. 

Ammenheuser, M. M., Berenson, A. B., Stiglich, N. J., Whorton, E. B., Jr., and Ward, J. 
B., Jr. (1994). Elevated frequencies of hprt mutant lymphocytes in cigarette-
smoking mothers and their newborns. Mutat Res 304, 285-294. 

Amodio-Cocchieri, R., Del Prete, U., Cirillo, T., Agozzino, E., and Scarano, G. (2001). 
Evaluation of benzene exposure in children living in Campania (Italy) by urinary 
trans,trans-muconic acid assay. J Toxicol Environ Health A 63, 79-87. 

Andersen, M. K., Christiansen, D. H., Jensen, B. A., Ernst, P., Hauge, G., and Pedersen-
Bjergaard, J. (2001). Therapy-related acute lymphoblastic leukaemia with MLL 
rearrangements following DNA topoisomerase II inhibitors, an increasing 
problem: report on two new cases and review of the literature since 1992. Br J 
Haematol 114, 539-543. 



 74 

Andersen, M. K., Johansson, B., Larsen, S. O., and Pedersen-Bjergaard, J. (1998). 
Chromosomal abnormalities in secondary MDS and AML. Relationship to drugs 
and radiation with specific emphasis on the balanced rearrangements. 
Haematologica 83, 483-488. 

Anderson, R. D., and Berger, N. A. (1994). Mutagenicity and carcinogenicity of 
topoisomerase-interactive agents. Mutation Research 309, 109-142. 

Andersson, A., Olofsson, T., Lindgren, D., Nilsson, B., Ritz, C., Eden, P., Lassen, C., 
Rade, J., Fontes, M., Morse, H., Heldrup, J., Behrendtz, M., Mitelman, F., 
Hoglund, M., Johansson, B., and Fioretos, T. (2005). Molecular signatures in 
childhood acute leukemia and their correlations to expression patterns in normal 
hematopoietic subpopulations. Proc Natl Acad Sci U S A 102, 19069-19074. 

Aplan, P. D. (2006). Chromosomal translocations involving the MLL gene: Molecular 
mechanisms. DNA Repair (Amst). 

Aviles, A., and Neri, N. (2001). Hematological malignancies and pregnancy: a final 
report of 84 children who received chemotherapy in utero. Clin Lymphoma 2, 
173-177. 

Barnard, D. R., Lange, B., Alonzo, T. A., Buckley, J., Kobrinsky, J. N., Gold, S., 
Neudorf, S., Sanders, J., Burden, L., and Woods, W. G. (2002). Acute myeloid 
leukemia and myelodysplastic syndrome in children treated for cancer: 
comparison with primary presentation. Blood 100, 427-434. 

Basecke, J., Cepek, L., Mannhalter, C., Krauter, J., Hildenhagen, S., Brittinger, G., 
Trumper, L., and Griesinger, F. (2002). Transcription of AML1/ETO in bone 
marrow and cord blood of individuals without acute myelogenous leukemia. 
Blood 100, 2267-2268. 

Basecke, J., Karim, K., Podleschny, M., Becker, A., Glass, B., Trumper, L., and 
Griesinger, F. (2006a). MLL rearrangements emerge during spontaneous 
apoptosis of clinical blood samples. Leukemia 20, 1193-1194. 

Basecke, J., Podleschny, M., Clemens, R., Schnittger, S., Viereck, V., Trumper, L., and 
Griesinger, F. (2006b). Lifelong persistence of AML associated MLL partial 
tandem duplications (MLL-PTD) in healthy adults. Leuk Res 30, 1091-1096. 

BEIR V (1990). Health effects of exposure to low levels of ionizing radiation. National 
Academy Press, Washington, DC. 

Bender, M. A., Awa, A. A., Brooks, A. L., Evans, H. J., Groer, P. G., Littlefield, L. G., 
Pereira, C., Preston, R. J., and Wachholz, B. W. (1988). Current status of 
cytogenetic procedures to detect and quantify previous exposures to radiation. 
Mutation Research 196, 103-159. 

Benowitz, N. L. (1999). Biomarkers of environmental tobacco smoke exposure. Environ 
Health Perspect 107 Suppl 2, 349-355. 

Betti, C. J., Villalobos, M. J., Jiang, Q., Cline, E., Diaz, M. O., Loredo, G., and Vaughan, 
A. T. (2005). Cleavage of the MLL gene by activators of apoptosis is independent 
of topoisomerase II activity. Leukemia 19, 2289-2295. 

Bhatia, R., Van Heijzen, K., Palmer, A., Komiya, A., Slovak, M. L., Chang, K. L., Fung, 
H., Krishnan, A., Molina, A., Nademanee, A., O'Donnell, M., Popplewell, L., 
Rodriguez, R., Forman, S. J., and Bhatia, S. (2005). Longitudinal assessment of 
hematopoietic abnormalities after autologous hematopoietic cell transplantation 
for lymphoma. J Clin Oncol 23, 6699-6711. 



 75 

Bhatia, S., and Robison, L. L. (2003). Epidemiology of leukemia in childhood. In Nathan 
and Oski's Hematology of Infancy and Childhood (D. G. Nathan, S. H. Orkin, D. 
Ginsburg, and A. T. Look, Eds.), pp. 1081-1100. W. B. Saunders Company, 
Philadelphia. 

Bhatia, S., Ross, J. A., Greaves, M. F., and Robison, L. L. (1999). Epidemiology and 
etiology. In Childhood Leukemias (C.-H. Pui, Ed.), pp. 38-49. Cambridge 
University Press, Cambridge. 

Blanco, J. G., Dervieux, T., Edick, M. J., Mehta, P. K., Rubnitz, J. E., Shurtleff, S., 
Raimondi, S. C., Behm, F. G., Pui, C. H., and Relling, M. V. (2001). Molecular 
emergence of acute myeloid leukemia during treatment for acute lymphoblastic 
leukemia. Proc Natl Acad Sci U S A 98, 10338-10343. 

Blanco, J. G., Edick, M. J., Hancock, M. L., Winick, N. J., Dervieux, T., Amylon, M. D., 
Bash, R. O., Behm, F. G., Camitta, B. M., Pui, C. H., Raimondi, S. C., and 
Relling, M. V. (2002). Genetic polymorphisms in CYP3A5, CYP3A4 and NQO1 
in children who developed therapy-related myeloid malignancies. 
Pharmacogenetics 12, 605-611. 

Blatt, J. (1995). Second malignancies associated with doxorubicin [editorial; comment]. 
Pediatr Hematol Oncol 12, 111-113. 

Boffetta, P., and Kaldor, J. M. (1994). Secondary malignancies following cancer 
chemotherapy. Acta Oncol 33, 591-598. 

Bogni, A., Cheng, C., Liu, W., Yang, W., Pfeffer, J., Mukatira, S., French, D., Downing, 
J. R., Pui, C. H., and Relling, M. V. (2006). Genome-wide approach to identify 
risk factors for therapy-related myeloid leukemia. Leukemia 20, 239-246. 

Boice, J., Jr., Blettner, M., Kleinerman, R. A., Stovall, M., Moloney, W. C., Engholm, G., 
Austin, D. F., Bosch, A., Cookfair, D. L., Krementz, E. T., Latourette, H., Peters, 
L., Schultz, M., and al., e. (1987). Radiation dose and leukemia risk in patients 
treated for cancer of the cervix. J Natl Cancer Inst 79, 1295-1311. 

Boice, J. D., Jr., and Miller, R. W. (1999). Childhood and adult cancer after intrauterine 
exposure to ionizing radiation. Teratology 59, 227-233. 

Bois, F. Y., Jackson, E. T., Pekari, K., and Smith, M. T. (1996). Population toxicokinetics 
of benzene. Environ Health Perspect 104 Suppl 6, 1405-1411. 

Bonassi, S., Abbondandolo, A., Camurri, L., Dal Pra, L., De Ferrari, M., Degrassi, F., 
Forni, A., Lamberti, L., Lando, C., Padovani, P., and et al. (1995). Are 
chromosome aberrations in circulating lymphocytes predictive of future cancer 
onset in humans? Preliminary results of an Italian cohort study. Cancer Genet 
Cytogenet 79, 133-135. 

Bonassi, S., Fenech, M., Lando, C., Lin, Y. P., Ceppi, M., Chang, W. P., Holland, N., 
Kirsch-Volders, M., Zeiger, E., Ban, S., Barale, R., Bigatti, M. P., Bolognesi, C., 
Jia, C., Di Giorgio, M., Ferguson, L. R., Fucic, A., Lima, O. G., Hrelia, P., 
Krishnaja, A. P., Lee, T. K., Migliore, L., Mikhalevich, L., Mirkova, E., Mosesso, 
P., Muller, W. U., Odagiri, Y., Scarffi, M. R., Szabova, E., Vorobtsova, I., Vral, 
A., and Zijno, A. (2001). HUman MicroNucleus project: international database 
comparison for results with the cytokinesis-block micronucleus assay in human 
lymphocytes: I. Effect of laboratory protocol, scoring criteria, and host factors on 
the frequency of micronuclei. Environ Mol Mutagen 37, 31-45. 



 76 

Bonassi, S., Neri, M., Lando, C., Ceppi, M., Lin, Y. P., Chang, W. P., Holland, N., 
Kirsch-Volders, M., Zeiger, E., and Fenech, M. (2003). Effect of smoking habit 
on the frequency of micronuclei in human lymphocytes: results from the Human 
MicroNucleus project. Mutat Res 543, 155-166. 

Bonassi, S., Ugolini, D., Kirsch-Volders, M., Stromberg, U., Vermeulen, R., and Tucker, 
J. D. (2005). Human population studies with cytogenetic biomarkers: review of 
the literature and future prospectives. Environ Mol Mutagen 45, 258-270. 

Bono, R., Vincenti, M., Saglia, U., Pignata, C., Russo, R., and Gilli, G. (2002). Tobacco 
smoke and formation of N-(2-hydroxyethyl)valine in human hemoglobin. Arch 
Environ Health 57, 416-421. 

Boogaard, P. J., Rocchi, P. S., and van Sittert, N. J. (1999). Biomonitoring of exposure to 
ethylene oxide and propylene oxide by determination of hemoglobin adducts: 
correlations between airborne exposure and adduct levels. Int Arch Occup 
Environ Health 72, 142-150. 

Boyse, J., Hewitt, M., and Mott, M. G. (1996). Glycophorin A mutations and risk of 
secondary leukaemia in patients treated for childhood acute lymphoblastic 
leukaemia. Br J Haematol 93, 117-124. 

Brown, E. A., Shelley, M. L., and Fisher, J. W. (1998). A pharmacokinetic study of 
occupational and environmental benzene exposure with regard to gender. Risk 
Anal 18, 205-213. 

Buckton, K. E. (1983). Chromosome aberrations in patients treated with x-irradiation for 
ankylosing spondylitis. In Radiation-induced chromosome damage in man (T. 
Ishihara, and M. S. Sasaki, Eds.), pp. 491-511. 

Canaani, E., Nowell, P. C., and Croce, C. M. (1995). Molecular genetics of 11q23 
chromosome translocations. Adv Cancer Res 66, 213-234. 

Cardonick, E., and Iacobucci, A. (2004). Use of chemotherapy during human pregnancy. 
Lancet Oncol 5, 283-291. 

Cario, G., Stanulla, M., Fine, B. M., Teuffel, O., Neuhoff, N. V., Schrauder, A., Flohr, T., 
Schafer, B. W., Bartram, C. R., Welte, K., Schlegelberger, B., and Schrappe, M. 
(2005). Distinct gene expression profiles determine molecular treatment response 
in childhood acute lymphoblastic leukemia. Blood 105, 821-826. 

Carroll, W. L., Bhojwani, D., Min, D. J., Moskowitz, N., and Raetz, E. A. (2006). 
Childhood acute lymphoblastic leukemia in the age of genomics. Pediatr Blood 
Cancer 46, 570-578. 

CDC (2005). Third National Reoprt on Human Exposure to Environmental Chemicals, 
pp. 475. Center for Disease Control and Prevention, Altanta. 

Cheok, M. H., and Evans, W. E. (2006). Acute lymphoblastic leukaemia: a model for the 
pharmacogenomics of cancer therapy. Nat Rev Cancer 6, 117-129. 

Cheok, M. H., Lugthart, S., and Evans, W. E. (2006). Pharmacogenomics of acute 
leukemia. Annu Rev Pharmacol Toxicol 46, 317-353. 

Christiansen, D. H., Andersen, M. K., Desta, F., and Pedersen-Bjergaard, J. (2005). 
Mutations of genes in the receptor tyrosine kinase (RTK)/RAS-BRAF signal 
transduction pathway in therapy-related myelodysplasia and acute myeloid 
leukemia. Leukemia 19, 2232-2240. 



 77 

Christiansen, D. H., Andersen, M. K., and Pedersen-Bjergaard, J. (2001). Leukemia after 
exposure to alkylating agents and significantly associated with deletion or loss of 
5q, a complex karyotype, and a poor prognosis. J Clin Oncol 19, 1405-1413. 

Christiansen, D. H., Andersen, M. K., and Pedersen-Bjergaard, J. (2004). Mutations of 
AML1 are common in therapy-related myelodysplasia following therapy with 
alkylating agents and are significantly associated with deletion or loss of 
chromosome arm 7q and with subsequent leukemic transformation. Blood 104, 
1474-1481. 

Cimino, G., Rapanotti, M. C., Biondi, A., Elia, L., Lo Coco, F., Price, C., Rossi, V., 
Rivolta, A., Canaani, E., Croce, C. M., Mandelli, F., and Greaves, M. (1997). 
Infant acute leukemias show the same biased distribution of ALL1 gene breaks as 
topoisomerase II related secondary acute leukemias. Cancer Research 57, 2879-
2883. 

Cole, J., and Skopek, T. R. (1994). International Commission for Protection Against 
Environmental Mutagens and Carcinogens. Working paper no. 3. Somatic mutant 
frequency, mutation rates and mutational spectra in the human population in vivo. 
Mutat Res 304, 33-105. 

Crosignani, P., Tittarelli, A., Borgini, A., Codazzi, T., Rovelli, A., Porro, E., Contiero, P., 
Bianchi, N., Tagliabue, G., Fissi, R., Rossitto, F., and Berrino, F. (2004). 
Childhood leukemia and road traffic: A population-based case-control study. Int J 
Cancer 108, 596-599. 

Cui, J. W., Wang, J., He, K., Jin, B. F., Wang, H. X., Li, W., Kang, L. H., Hu, M. R., Li, 
H. Y., Yu, M., Shen, B. F., Wang, G. J., and Zhang, X. M. (2004). Proteomic 
analysis of human acute leukemia cells: insight into their classification. Clin 
Cancer Res 10, 6887-6896. 

Cui, J. W., Wang, J., He, K., Jin, B. F., Wang, H. X., Li, W., Kang, L. H., Hu, M. R., Li, 
H. Y., Yu, M., Shen, B. F., Wang, G. J., and Zhang, X. M. (2005). Two-
dimensional electrophoresis protein profiling as an analytical tool for human acute 
leukemia classification. Electrophoresis 26, 268-279. 

Curtis, R. E., Boice, J., Jr., Stovall, M., Bernstein, L., Holowaty, E., Karjalainen, S., 
Langmark, F., Nasca, P. C., Schwartz, A. G., Schymura, M. J., and et, a. (1994). 
Relationship of leukemia risk to radiation dose following cancer of the uterine 
corpus. J Natl Cancer Inst 86, 1315-1324. 

Dahl, A. R. (1990). Dose concepts for inhaled vapors and gases. Toxicol Appl Pharmacol 
103, 185-197. 

de Kok, T. M., Moonen, H. J., van Delft, J., and van Schooten, F. J. (2002). 
Methodologies for bulky DNA adduct analysis and biomonitoring of 
environmental and occupational exposures. J Chromatogr B Analyt Technol 
Biomed Life Sci 778, 345-355. 

de la Chica, R. A., Ribas, I., Giraldo, J., Egozcue, J., and Fuster, C. (2005). Chromosomal 
instability in amniocytes from fetuses of mothers who smoke. Jama 293, 1212-
1222. 

Deguchi, K., and Gilliland, D. G. (2002). Cooperativity between mutations in tyrosine 
kinases and in hematopoietic transcription factors in AML. Leukemia 16, 740-
744. 



 78 

Delongchamp, R. R., Mabuchi, K., Yoshimoto, Y., and Preston, D. L. (1997). Cancer 
mortality among atomic bomb survivors exposed in utero or as young children, 
October 1950-May 1992. Radiat Res 147, 385-395. 

Demarini, D. M., and Preston, R. J. (2005). Smoking while pregnant: transplacental 
mutagenesis of the fetus by tobacco smoke. Jama 293, 1264-1265. 

Dimopoulos, M. A., Souliotis, V. L., Anagnostopoulos, A., Papadimitriou, C., and 
Sfikakis, P. P. (2005). Extent of damage and repair in the p53 tumor-suppressor 
gene after treatment of myeloma patients with high-dose melphalan and 
autologous blood stem-cell transplantation is individualized and may predict 
clinical outcome. J Clin Oncol 23, 4381-4389. 

Doll, R., and Wakeford, R. (1997). Risk of childhood cancer from fetal irradiation. Br J 
Radiol 70, 130-139. 

Downing, J. R. (1999). Molecular genetics of acute myeloid leukemia. In Childhood 
Leukemias (C.-H. Pui, Ed.), pp. 219-254. Cambridge University Press, 
Cambridge. 

Eastmond, D. A. (1997). Chemical and Radiation Leukemogenesis in Humans and 
Rodents and the Value of Rodent Models for Assessing Risks of 
Lymphohematopoietic Cancers. Environmental Protection Agency, Washington 
DC. 

Eastmond, D. A., Mondrala, S. T., and Hasegawa, L. (2005). Topoisomerase II inhibition 
by myeloperoxidase-activated hydroquinone: a potential mechanism underlying 
the genotoxic and carcinogenic effects of benzene. Chem Biol Interact 153-154, 
207-216. 

Eastmond, D. A., Schuler, M., Frantz, C., Chen, H., Parks, R., Wang, L., and Hasegawa, 
L. (2001). Characterization and mechanisms of chromosomal alterations induced 
by benzene in mice and humans. Res Rep Health Eff Inst, 1-68; discussion 69-80. 

Eastmond, D. A., Schuler, M., and Rupa, D. S. (1995). Advantages and limitations of 
using fluorescence in situ hybridization for the detection of aneuploidy in 
interphase human cells. Mutation Research 348, 153-162. 

Eguchi-Ishimae, M., Eguchi, M., Ishii, E., Knight, D., Sadakane, Y., Isoyama, K., Yabe, 
H., Mizutani, S., and Greaves, M. (2005). The association of a distinctive allele of 
NAD(P)H:quinone oxidoreductase with pediatric acute lymphoblastic leukemias 
with MLL fusion genes in Japan. Haematologica 90, 1511-1515. 

Eguchi-Ishimae, M., Eguchi, M., Ishii, E., Miyazaki, S., Ueda, K., Kamada, N., and 
Mizutani, S. (2001). Breakage and fusion of the TEL (ETV6) gene in immature B 
lymphocytes induced by apoptogenic signals. Blood 97, 737-743. 

Esparza, S. D., and Sakamoto, K. M. (2005). Topics in pediatric leukemia - acute 
lymphoblastic leukemia. Medscape General Medicine 7, 23. 

Farmer, P. B., Sepai, O., Lawrence, R., Autrup, H., Sabro Nielsen, P., Vestergard, A. B., 
Waters, R., Leuratti, C., Jones, N. J., Stone, J., Baan, R. A., van Delft, J. H., 
Steenwinkel, M. J., Kyrtopoulos, S. A., Souliotis, V. L., Theodorakopoulos, N., 
Bacalis, N. C., Natarajan, A. T., Tates, A. D., Haugen, A., Andreassen, A., 
Ovrebo, S., Shuker, D. E., Amaning, K. S., Castelain, P., and et al. (1996). 
Biomonitoring human exposure to environmental carcinogenic chemicals. 
Mutagenesis 11, 363-381. 



 79 

Felix, C. A. (1998). Secondary leukemias induced by topoisomerase-targeted drugs. 
Biochim Biophys Acta 1400, 233-255. 

Felix, C. A., Kolaris, C. P., and Osheroff, N. (2006). Topoisomerase II and the etiology 
of chromosomal translocations. DNA Repair (Amst). 

Fenech, M., Perepetskaya, G., and Mikhalevich, L. (1997). A more comprehensive 
application of the micronucleus technique for biomonitoring of genetic damage 
rates in human populations--experiences from the Chernobyl catastrophe. Environ 
Mol Mutagen 30, 112-118. 

Ferguson, L. R., and Pearson, A. E. (1996). The clinical use of mutagenic anticancer 
drugs. Mutat Res 355, 1-12. 

Finette, B. A., O'Neill, J. P., Vacek, P. M., and Albertini, R. J. (1998). Gene mutations 
with characteristic deletions in cord blood T lymphocytes associated with passive 
maternal exposure to tobacco smoke. Nat Med 4, 1144-1151. 

Finette, B. A., Poseno, T., Vacek, P. M., and Albertini, R. J. (1997). The effects of 
maternal cigarette smoke exposure on somatic mutant frequencies at the hprt 
locus in healthy newborns. Mutat Res 377, 115-123. 

Fischer, M., Schwieger, M., Horn, S., Niebuhr, B., Ford, A., Roscher, S., Bergholz, U., 
Greaves, M., Lohler, J., and Stocking, C. (2005). Defining the oncogenic function 
of the TEL/AML1 (ETV6/RUNX1) fusion protein in a mouse model. Oncogene 
24, 7579-7591. 

Forrest, M. S., Lan, Q., Hubbard, A. E., Zhang, L., Vermeulen, R., Zhao, X., Li, G., Wu, 
Y. Y., Shen, M., Yin, S., Chanock, S. J., Rothman, N., and Smith, M. T. (2005). 
Discovery of novel biomarkers by microarray analysis of peripheral blood 
mononuclear cell gene expression in benzene-exposed workers. Environ Health 
Perspect 113, 801-807. 

Freedman, M. H., and Alter, B. P. (2002). Risk of myelodysplastic syndrome and acute 
myeloid leukemia in congenital neutropenias. Semin Hematol 39, 128-133. 

Gadner, H., Masera, G., Schrappe, M., Eden, T., Benoit, Y., Harrison, C., Nachman, J., 
and Pui, C. H. (2006). The Eighth International Childhood Acute Lymphoblastic 
Leukemia Workshop ('Ponte di legno meeting') report: Vienna, Austria, April 27-
28, 2005. Leukemia 20, 9-17. 

Gale, R. E., Bunch, C., Moir, D. J., Patterson, K. G., Goldstone, A. H., and Linch, D. C. 
(1996). Demonstration of developing myelodysplasia/acute myeloid leukaemia in 
haematologically normal patients after high-dose chemotherapy and autologous 
bone marrow transplantation using X-chromosome inactivation patterns. Br J 
Haematol 93, 53-58. 

Gale, R. P. (1988). Myelosuppressive effects of antineoplastic chemotherapy. In 
Hematopoiesis: Long-term Effects of Chemotherapy and Radiation (N. G. Testa, 
and R. P. Gale, Eds.), pp. 63-73. Marcel Dekker, New York. 

Garcia, L., Valcarcel, M., and Santiago-Borrero, P. J. (1999). Chemotherapy during 
pregnancy and its effects on the fetus--neonatal myelosuppression: two case 
reports. J Perinatol 19, 230-233. 

Golub, T. R., Slonim, D. K., Tamayo, P., Huard, C., Gaasenbeek, M., Mesirov, J. P., 
Coller, H., Loh, M. L., Downing, J. R., Caligiuri, M. A., Bloomfield, C. D., and 
Lander, E. S. (1999). Molecular classification of cancer: class discovery and class 
prediction by gene expression monitoring. Science 286, 531-537. 



 80 

Grant, S. G., and Bigbee, W. L. (1994). Bone marrow somatic mutation after genotoxic 
cancer therapy. Lancet 343, 1507-1508. 

Greaves, M. (2005). In utero origins of childhood leukaemia. Early Hum Dev 81, 123-
129. 

Greaves, M. (2006). Infection, immune responses and the aetiology of childhood 
leukaemia. Nat Rev Cancer 6, 193-203. 

Greaves, M. F., Maia, A. T., Wiemels, J. L., and Ford, A. M. (2003). Leukemia in twins: 
lessons in natural history. Blood 102, 2321-2333. 

Greaves, M. F., and Wiemels, J. (2003). Origins of chromosome translocations in 
childhood leukaemia. Nat Rev Cancer 3, 639-649. 

Gundestrup, M., Klarskov Andersen, M., Sveinbjornsdottir, E., Rafnsson, V., Storm, H. 
H., and Pedersen-Bjergaard, J. (2000). Cytogenetics of myelodysplasia and acute 
myeloid leukaemia in aircrew and people treated with radiotherapy. Lancet 356, 
2158. 

Habib, L. K., and Finn, W. G. (2006). Unsupervised immunophenotypic profiling of 
chronic lymphocytic leukemia. Cytometry B Clin Cytom 70, 124-135. 

Haferlach, T., Kern, W., Schnittger, S., and Schoch, C. (2005). Modern diagnostics in 
acute leukemias. Crit Rev Oncol Hematol 56, 223-234. 

Haglund, U., Hayder, S., and Zech, L. (1980). Sister chromatid exchanges and 
chromosome aberrations in children after treatment for malignant lymphoma. 
Cancer Res 40, 4786-4790. 

Hagmar, L., Bonassi, S., Stromberg, U., Brogger, A., Knudsen, L. E., Norppa, H., and 
Reuterwall, C. (1998). Chromosomal aberrations in lymphocytes predict human 
cancer: a report from the European Study Group on Cytogenetic Biomarkers and 
Health (ESCH). Cancer Res 58, 4117-4121. 

Harada, H., Harada, Y., Tanaka, H., Kimura, A., and Inaba, T. (2003). Implications of 
somatic mutations in the AML1 gene in radiation-associated and therapy-related 
myelodysplastic syndrome/acute myeloid leukemia. Blood 101, 673-680. 

Harris, J. W., Koscick, R., Lazarus, H. M., Eshleman, J. R., and Medof, M. E. (1999). 
Leukemia arising out of paroxysmal nocturnal hemoglobinuria. Leuk Lymphoma 
32, 401-426. 

Hasle, H., Clemmensen, I. H., and Mikkelsen, M. (2000). Risks of leukaemia and solid 
tumours in individuals with Down's syndrome. Lancet 355, 165-169. 

Hasle, H., Niemeyer, C. M., Chessells, J. M., Baumann, I., Bennett, J. M., Kerndrup, G., 
and Head, D. R. (2003). A pediatric approach to the WHO classification of 
myelodysplastic and myeloproliferative diseases. Leukemia 17, 277-282. 

Hassan, M., Ehrsson, H., and Ljungman, P. (1996). Aspects concerning busulfan 
pharmacokinetics and bioavailability. Leuk Lymphoma 22, 395-407. 

Haupt, R., Comelli, A., Rosanda, C., Sessarego, M., and De Bernardi, B. (1993). Acute 
myeloid leukemia after single-agent treatment with etoposide for Langerhans' cell 
histiocytosis of bone. American Journal of Pediatric Hematology/Oncology 15, 
255-257. 

Head, D. R., and Pui, C.-H. (1999). Diagnosis and classification. In Childhood Leukemias 
(C.-H. Pui, Ed.), pp. 19-37. Cambridge University Press, Cambridge, UK. 

Hecht, S. S., Carmella, S. G., Le, K. A., Murphy, S. E., Boettcher, A. J., Le, C., 
Koopmeiners, J., An, L., and Hennrikus, D. J. (2006). 4-(methylnitrosamino)-1-



 81 

(3-pyridyl)-1-butanol and its glucuronides in the urine of infants exposed to 
environmental tobacco smoke. Cancer Epidemiol Biomarkers Prev 15, 988-992. 

Hegedus, C. M., Gunn, L., Skibola, C. F., Zhang, L., Shiao, R., Fu, S., Dalmasso, E. A., 
Metayer, C., Dahl, G. V., Buffler, P. A., and Smith, M. T. (2005). Proteomic 
analysis of childhood leukemia. Leukemia 19, 1713-1718. 

Hendry, J. H., and Feng-Tong, Y. (1995). Response of bone marrow to low LET 
irradiation. In Radiation Toxicology: Bone Marrow and Leukemia (J. H. Hendry, 
and B. I. Lord, Eds.), pp. 91-116. Taylor & Francis, London. 

Hewitt, M., and Mott, M. G. (1992). The assessment of in vivo somatic mutations in 
survivors of childhood malignancy. Br J Cancer 66, 143-147. 

Higuchi, M., O'Brien, D., Kumaravelu, P., Lenny, N., Yeoh, E. J., and Downing, J. R. 
(2002). Expression of a conditional AML1-ETO oncogene bypasses embryonic 
lethality and establishes a murine model of human t(8;21) acute myeloid 
leukemia. Cancer Cell 1, 63-74. 

Hill, D. A., Gridley, G., Cnattingius, S., Mellemkjaer, L., Linet, M., Adami, H. O., Olsen, 
J. H., Nyren, O., and Fraumeni, J. F., Jr. (2003). Mortality and cancer incidence 
among individuals with Down syndrome. Arch Intern Med 163, 705-711. 

Hrusak, O., Trka, J., Zuna, J., Polouckova, A., Kalina, T., and Stary, J. (2002). Acute 
lymphoblastic leukemia incidence during socioeconomic transition: selective 
increase in children from 1 to 4 years. Leukemia 16, 720-725. 

Hunger, S. P., Sklar, J., and Link, M. P. (1992). Acute lymphoblastic leukemia occurring 
as a second malignant neoplasm in childhood: report of three cases and review of 
the literature. J Clin Oncol 10, 156-163. 

IARC (1994). Ethylene oxide. International Agency for Research on Cancer, Lyon. 
IARC (Ed.) (1997a). Application of Biomarkers in Cancer Epidemiology. International 

Agency for Research on Cancer, Lyon, France. 
IARC (1997b). Application of biomarkers in cancer epidemiology: Workshop report. In 

Application of Biomarkers in Cancer Epidemiology (P. Toniolo, P. Boffetta, D. E. 
G. Shuker, N. Rothman, B. Hulka, and N. Pearce, Eds.), pp. 1-18. International 
Agency for Research on Cancer, Lyon, France. 

IARC (2004). Mechanisms of Carcinogenesis: Contributions of Molecular Epidemiology. 
International Agency for Research on Cancer, Lyon, France. 

Imashuku, S., Hibi, S., Bessho, F., Tsuchida, M., Nakahata, T., Miyazaki, S., Tsukimoto, 
I., and Hamajima, N. (2003). Detection of myelodysplastic syndrome/ acute 
myeloid leukemia evolving from aplastic anemia in children, treated with 
recombinant human G-CSF. Haematologica 88, ECR31. 

IPCS (1993). Biomarkers and Risk Assessment: Concepts and Principles. In 
Environmental Health Criteria 155. International Programme for Chemical 
Safety, Geneva. 

IPCS (2001). Biomarkers and Risk Assessment: Validity and Validation. In 
Environmental Health Criteria 222. International Programme for Chemical 
Safety, Geneva. 

Irish, J. M., Kotecha, N., and Nolan, G. P. (2006). Mapping normal and cancer cell 
signalling networks: towards single-cell proteomics. Nat Rev Cancer 6, 146-155. 

Irons, R. D., Lv, L., Gross, S. A., Ye, X., Bao, L., Wang, X. Q., Ryder, J., Armstrong, T. 
W., Zhou, Y., Miao, L., Le, A. T., Kerzic, P. J., Ni, W., and Fu, H. (2005). 



 82 

Chronic exposure to benzene results in a unique form of dysplasia. Leuk Res 29, 
1371-1380. 

Izraeli, S. (2006). Perspective: chromosomal aneuploidy in leukemia--lessons from down 
syndrome. Hematol Oncol 24, 3-6. 

Jandl, J. H. (1987). Blood: Textbook of Hematology. Little, Brown and Company, 
Boston/Toronto. 

Jandl, J. H. (1996). Blood: Textbook of Hematology. Little, Brown and Company, Boston. 
Janz, S., Potter, M., and Rabkin, C. S. (2003). Lymphoma- and leukemia-associated 

chromosomal translocations in healthy individuals. Genes Chromosomes Cancer 
36, 211-223. 

Jenkinson, H. C., Hawkins, M. M., Stiller, C. A., Winter, D. L., Marsden, H. B., and 
Stevens, M. C. (2004). Long-term population-based risks of second malignant 
neoplasms after childhood cancer in Britain. Br J Cancer 91, 1905-1910. 

Jones, I. M., Galick, H., Kato, P., Langlois, R. G., Mendelsohn, M. L., Murphy, G. A., 
Pleshanov, P., Ramsey, M. J., Thomas, C. B., Tucker, J. D., Tureva, L., 
Vorobtsova, I., and Nelson, D. O. (2002). Three somatic genetic biomarkers and 
covariates in radiation-exposed Russian cleanup workers of the chernobyl nuclear 
reactor 6-13 years after exposure. Radiat Res 158, 424-442. 

Joo, W. A., Kang, M. J., Son, W. K., Lee, H. J., Lee, D. Y., Lee, E., and Kim, C. W. 
(2003). Monitoring protein expression by proteomics: human plasma exposed to 
benzene. Proteomics 3, 2402-2411. 

Joo, W. A., Sul, D., Lee, D. Y., Lee, E., and Kim, C. W. (2004). Proteomic analysis of 
plasma proteins of workers exposed to benzene. Mutat Res 558, 35-44. 

Kamada, N., and Tanaka, K. (1983). Cytogenetic studies of hematological disorders in 
atomic bomb survivors. In Radiation-induced Chromosome Damage in Man (T. 
Ishihara, and M. S. Sasaki, Eds.), pp. 455-474. Alan R. Liss, New York. 

Kamada, N., Tanaka, K., and Kasegawa, A. (1987). Chromosome aberrations and 
transforming genes in leukemic and non-leukemic patients with a history of 
atomic bomb exposure. Princess Takamatsu Symp 18, 125-134. 

Kantarjian, H. M., and Keating, M. J. (1987). Therapy-related leukemia and 
myelodysplastic syndrome. Cancer 40, 435-443. 

Karran, P., Offman, J., and Bignami, M. (2003). Human mismatch repair, drug-induced 
DNA damage, and secondary cancer. Biochimie 85, 1149-1160. 

Kelly, L. M., and Gilliland, D. G. (2002). Genetics of myeloid leukemias. Annu Rev 
Genomics Hum Genet 3, 179-198. 

Kempski, H., Mensa-Bonsu, K. A., Kearney, L., Jalali, G. R., Hann, I., Khurshid, M., and 
Greaves, M. (2003). Prenatal chromosomal diversification of leukemia in 
monozygotic twins. Genes Chromosomes Cancer 37, 406-411. 

Klymenko, S., Trott, K., Atkinson, M., Bink, K., Bebeshko, V., Bazyka, D., Dmytrenko, 
I., Abramenko, I., Bilous, N., Misurin, A., Zitzelsberger, H., and Rosemann, M. 
(2005). Aml1 gene rearrangements and mutations in radiation-associated acute 
myeloid leukemia and myelodysplastic syndromes. J Radiat Res (Tokyo) 46, 249-
255. 

Knox, E. G. (2005). Childhood cancers and atmospheric carcinogens. J Epidemiol 
Community Health 59, 101-105. 



 83 

Kouniali, A., Cicolella, A., Gonzalez-Flesca, N., Dujardin, R., Gehanno, J. F., and Bois, 
F. Y. (2003). Environmental benzene exposure assessment for parent-child pairs 
in Rouen, France. Sci Total Environ 308, 73-82. 

Krajinovic, M., Lamothe, S., Labuda, D., Lemieux-Blanchard, E., Theoret, Y., Moghrabi, 
A., and Sinnett, D. (2004). Role of MTHFR genetic polymorphisms in the 
susceptibility to childhood acute lymphoblastic leukemia. Blood 103, 252-257. 

Kroll, M. E., Draper, G. J., Stiller, C. A., and Murphy, M. F. (2006). Childhood leukemia 
incidence in Britain, 1974-2000: time trends and possible relation to influenza 
epidemics. J Natl Cancer Inst 98, 417-420. 

Kubota, M., Lin, Y. W., Hamahata, K., Sawada, M., Koishi, S., Hirota, H., and 
Wakazono, Y. (2000). Cancer chemotherapy and somatic cell mutation. Mutat 
Res 470, 93-102. 

Kumagai, E., Tanaka, R., Onomichi, M., and Sawada, S. (1991). [Effects of long-term 
low dose radiation--relationship between chromosomal translocation and the 
cellular oncogenes]. Rinsho Byori 39, 639-644. 

Kyrtopoulos, S. A., Souliotis, V. L., Valavanis, C., Boussiotis, V. A., and Pangalis, G. A. 
(1993). Accumulation of O6-methylguanine in human DNA after therapeutic 
exposure to methylating agents and its relationship with biological effects. 
Environ Health Perspect 99, 143-147. 

Lambert, B., Holmberg, K., and Einhorn, N. (1984). Persistence of chromosome 
rearrangements in peripheral lymphocytes from patients treated with melphalan 
for ovarian carcinoma. Hum Genet 67, 94-98. 

Lan, Q., Zhang, L., Li, G., Vermeulen, R., Weinberg, R. S., Dosemeci, M., Rappaport, S. 
M., Shen, M., Alter, B. P., Wu, Y., Kopp, W., Waidyanatha, S., Rabkin, C., Guo, 
W., Chanock, S., Hayes, R. B., Linet, M., Kim, S., Yin, S., Rothman, N., and 
Smith, M. T. (2004). Hematotoxicity in workers exposed to low levels of 
benzene. Science 306, 1774-1776. 

Lan, Q., Zhang, L., Shen, M., Smith, M. T., Li, G., Vermeulen, R., Rappaport, S. M., 
Forrest, M. S., Hayes, R. B., Linet, M., Dosemeci, M., Alter, B. P., Weinberg, R. 
S., Yin, S., Yeager, M., Welch, R., Waidyanatha, S., Kim, S., Chanock, S., and 
Rothman, N. (2005). Polymorphisms in cytokine and cellular adhesion molecule 
genes and susceptibility to hematotoxicity among workers exposed to benzene. 
Cancer Res 65, 9574-9581. 

Larson, R. A., and Le Beau, M. M. (2005). Therapy-related myeloid leukaemia: a model 
for leukemogenesis in humans. Chem Biol Interact 153-154, 187-195. 

Larson, R. A., Wang, Y., Banerjee, M., Wiemels, J., Hartford, C., Le Beau, M. M., and 
Smith, M. T. (1999). Prevalence of the inactivating 609C-->T polymorphism in 
the NAD(P)H:quinone oxidoreductase (NQO1) gene in patients with primary and 
therapy-related myeloid leukemia. Blood 94, 803-807. 

Laurenti, L., Chiusolo, P., Garzia, M. G., Zini, G., Sora, F., Piccirillo, N., Piccioni, P., 
Zollino, M., Leone, G., and Sica, S. (2002). Periodic morphologic, cytogenetic 
and clonality evaluation after autologous peripheral blood progenitor cell 
transplantation in patients with lymphoproliferative malignancies. Haematologica 
87, 59-66. 

Le Deley, M. C., Leblanc, T., Shamsaldin, A., Raquin, M. A., Lacour, B., Sommelet, D., 
Chompret, A., Cayuela, J. M., Bayle, C., Bernheim, A., de Vathaire, F., Vassal, 



 84 

G., and Hill, C. (2003). Risk of secondary leukemia after a solid tumor in 
childhood according to the dose of epipodophyllotoxins and anthracyclines: a 
case-control study by the Societe Francaise d'Oncologie Pediatrique. J Clin Oncol 
21, 1074-1081. 

Leone, G., Mele, L., Pulsoni, A., Equitani, F., and Pagano, L. (1999). The incidence of 
secondary leukemias. Haematologica 84, 937-945. 

Levine, E. G., and Bloomfield, C. D. (1992). Leukemias and myelodysplastic syndromes 
secondary to drug, radiation, and environmental exposure. Semin Oncol 19, 47-
84. 

Li, Y., and Ding, Y. (1990). [Chromosome changes by G-banding in patients with 
chronic benzene poisoning]. Chinese J Indust Med 3, 29-31. 

Lillington, D. M., Micallef, I. N., Carpenter, E., Neat, M. J., Amess, J. A., Matthews, J., 
Foot, N. J., Lister, T. A., Young, B. D., and Rohatiner, A. Z. (2002). Genetic 
susceptibility to Hodgkin's disease and secondary neoplasias: FISH analysis 
reveals patients at high risk of developing secondary neoplasia. Ann Oncol 13 
Suppl 1, 40-43. 

Lillington, D. M., Micallef, I. N., Carpenter, E., Neat, M. J., Amess, J. A., Matthews, J., 
Foot, N. J., Young, B. D., Lister, T. A., and Rohatiner, A. Z. (2001). Detection of 
chromosome abnormalities pre-high-dose treatment in patients developing 
therapy-related myelodysplasia and secondary acute myelogenous leukemia after 
treatment for non-Hodgkin's lymphoma. J Clin Oncol 19, 2472-2481. 

Liou, S. H., Lung, J. C., Chen, Y. H., Yang, T., Hsieh, L. L., Chen, C. J., and Wu, T. N. 
(1999). Increased chromosome-type chromosome aberration frequencies as 
biomarkers of cancer risk in a blackfoot endemic area. Cancer Res 59, 1481-1484. 

Littlefield, L. G., and Joiner, E. E. (1986). Analysis of chromosome aberrations in 
lymphocytes of long-term heavy smokers. Mutat Res 170, 145-150. 

Liu, R. S., Chen, W. L., and Chen, F. D. (2002). Health examination and chromosome 
aberration analysis of residents living in 60Co-contaminated rebar buildings. Int J 
Radiat Biol 78, 635-639. 

Loescher, L. J., Welch-McCaffrey, D., Leigh, S. A., Hoffman, B., and Meyskens, F., Jr. 
(1989). Surviving adult cancers. Part 1: Physiologic effects [published erratum 
appears in Ann Intern Med 1990 Apr 15;112(8):634]. Ann Intern Med 111, 411-
432. 

Lopez-Pedrera, C., Villalba, J. M., Siendones, E., Barbarroja, N., Gomez-Diaz, C., 
Rodriguez-Ariza, A., Buendia, P., Torres, A., and Velasco, F. (2006). Proteomic 
analysis of acute myeloid leukemia: Identification of potential early biomarkers 
and therapeutic targets. Proteomics 6 Suppl 1, S293-299. 

Lucas, J. N., Awa, A., Straume, T., Poggensee, M., Kodama, Y., Nakano, M., Ohtaki, K., 
Weier, H. U., Pinkel, D., Gray, J., and et al. (1992). Rapid translocation frequency 
analysis in humans decades after exposure to ionizing radiation. Int J Radiat Biol 
62, 53-63. 

Ma, X., Buffler, P. A., Wiemels, J. L., Selvin, S., Metayer, C., Loh, M., Does, M. B., and 
Wiencke, J. K. (2005). Ethnic difference in daycare attendance, early infections, 
and risk of childhood acute lymphoblastic leukemia. Cancer Epidemiol 
Biomarkers Prev 14, 1928-1934. 



 85 

Mach-Pascual, S., Legare, R. D., Lu, D., Kroon, M., Neuberg, D., Tantravahi, R., Stone, 
R. M., Freedman, A. S., Nadler, L. M., Gribben, J. G., and Gilliland, D. G. 
(1998). Predictive value of clonality assays in patients with non-Hodgkin's 
lymphoma undergoing autologous bone marrow transplant: a single institution 
study. Blood 91, 4496-4503. 

Maia, A. T., Tussiwand, R., Cazzaniga, G., Rebulla, P., Colman, S., Biondi, A., and 
Greaves, M. (2004). Identification of preleukemic precursors of hyperdiploid 
acute lymphoblastic leukemia in cord blood. Genes Chromosomes Cancer 40, 38-
43. 

Malik, E., Cohen, S. B., Sahar, D., Dann, E. J., and Rund, D. (2006). The frequencies of 
NAD(P)H quinone oxidoreductase (NQO1) variant allele in Israeli ethnic groups 
and the relationship of NQO1*2 to adult acute myeloid leukemia in Israeli 
patients. Haematologica 91, 956-959. 

Mamuris, Z., Gerbault-Seureau, M., Prieur, M., Pouillart, P., Dutrillaux, B., and Aurias, 
A. (1989). Chromosomal aberrations in lymphocytes of patients treated with 
melphalan. Int J Cancer 43, 80-86. 

Manchester, D. K., Nicklas, J. A., O'Neill, J. P., Lippert, M. J., Grant, S. G., Langlois, R. 
G., Moore, D. H., 3rd, Jensen, R. H., Albertini, R. J., and Bigbee, W. L. (1995). 
Sensitivity of somatic mutations in human umbilical cord blood to maternal 
environments. Environ Mol Mutagen 26, 203-212. 

Marcucci, G., Strout, M. P., Bloomfield, C. D., and Caligiuri, M. A. (1998). Detection of 
unique ALL1 (MLL) fusion transcripts in normal human bone marrow and blood: 
distinct origin of normal versus leukemic ALL1 fusion transcripts. Cancer Res 58, 
790-793. 

Marlhens, F., Al Achkar, W., Aurias, A., Couturier, J., Dutrillaux, A., Gerbault-Sereau, 
M., Hoffschir, F., Lamoliatte, E., Lefrancois, D., Lombard, M., Muleris, M., 
Prieur, M., Prod'homme, M., Sabatier, L., Viegas-Pequignot E, V., V, and 
Dutrillaux, B. (1986). The rate of chromosome breakage is age dependent in 
lymphocytes of adult controls. Hum Genet 73, 290-297. 

Martin, R. M., Gunnell, D., Owen, C. G., and Smith, G. D. (2005). Breast-feeding and 
childhood cancer: A systematic review with metaanalysis. Int J Cancer 117, 
1020-1031. 

Matsuo, T., Tomonaga, M., Bennett, J. M., Kuriyama, K., Imanaka, F., Kuramoto, A., 
Kamada, N., Ichimaru, M., Finch, S. C., Pisciotta, A. V., and et al. (1988). 
Reclassification of leukemia among A-bomb survivors in Nagasaki using French-
American-British (FAB) classification for acute leukemia. Jpn J Clin Oncol 18, 
91-96. 

McDonald, T. A., Holland, N. T., Skibola, C., Duramad, P., and Smith, M. T. (2001). 
Hypothesis: phenol and hydroquinone derived mainly from diet and 
gastrointestinal flora activity are causal factors in leukemia. Leukemia 15, 10-20. 

McEvoy (2006). AHFS Drug Information. American Society of Health-System 
Pharmacists, Bethesda, MD. 

McHale, C. M., and Smith, M. T. (2004). Prenatal origin of chromosomal translocations 
in acute childhood leukemia: implications and future directions. Am J Hematol 
75, 254-257. 



 86 

McHale, C. M., Wiemels, J. L., Zhang, L., Ma, X., Buffler, P. A., Feusner, J., Matthay, 
K., Dahl, G., and Smith, M. T. (2003). Prenatal origin of childhood acute myeloid 
leukemias harboring chromosomal rearrangements t(15;17) and inv(16). Blood 
101, 4640-4641. 

McNally, R. J., and Eden, T. O. (2004). An infectious aetiology for childhood acute 
leukaemia: a review of the evidence. Br J Haematol 127, 243-263. 

Megonigal, M. D., Cheung, N. K., Rappaport, E. F., Nowell, P. C., Wilson, R. B., Jones, 
D. H., Addya, K., Leonard, D. G., Kushner, B. H., Williams, T. M., Lange, B. J., 
and Felix, C. A. (2000). Detection of leukemia-associated MLL-GAS7 
translocation early during chemotherapy with DNA topoisomerase II inhibitors. 
Proc Natl Acad Sci U S A 97, 2814-2819. 

Meyer, C., Schneider, B., Jakob, S., Strehl, S., Attarbaschi, A., Schnittger, S., Schoch, C., 
Jansen, M. W., van Dongen, J. J., den Boer, M. L., Pieters, R., Ennas, M. G., 
Angelucci, E., Koehl, U., Greil, J., Griesinger, F., Zur Stadt, U., Eckert, C., 
Szczepanski, T., Niggli, F. K., Schafer, B. W., Kempski, H., Brady, H. J., Zuna, 
J., Trka, J., Nigro, L. L., Biondi, A., Delabesse, E., Macintyre, E., Stanulla, M., 
Schrappe, M., Haas, O. A., Burmeister, T., Dingermann, T., Klingebiel, T., and 
Marschalek, R. (2006). The MLL recombinome of acute leukemias. Leukemia 20, 
777-784. 

Migliore, L., Guidotti, P., Favre, C., Nardi, M., Sessa, M. R., and Brunori, E. (1991). 
Micronuclei in lymphocytes of young patients under antileukemic therapy. Mutat 
Res 263, 243-248. 

Mori, H., Colman, S. M., Xiao, Z., Ford, A. M., Healy, L. E., Donaldson, C., Hows, J. 
M., Navarrete, C., and Greaves, M. (2002). Chromosome translocations and 
covert leukemic clones are generated during normal fetal development. Proc Natl 
Acad Sci U S A 99, 8242-8247. 

Mott, M. G., Boyse, J., Hewitt, M., and Radford, M. (1994). Do mutations at the 
glycophorin A locus in patients treated for childhood Hodgkin's disease predict 
secondary leukaemia? Lancet 343, 828-829. 

Mrozek, K., Heerema, N. A., and Bloomfield, C. D. (2004). Cytogenetics in acute 
leukemia. Blood Rev 18, 115-136. 

Naoe, T., Takeyama, K., Yokozawa, T., Kiyoi, H., Seto, M., Uike, N., Ino, T., 
Utsunomiya, A., Maruta, A., Jin-nai, I., Kamada, N., Kubota, Y., Nakamura, H., 
Shimazaki, C., Horiike, S., Kodera, Y., Saito, H., Ueda, R., Wiemels, J., and 
Ohno, R. (2000). Analysis of genetic polymorphism in NQO1, GST-M1, GST-T1, 
and CYP3A4 in 469 Japanese patients with therapy-related leukemia/ 
myelodysplastic syndrome and de novo acute myeloid leukemia. Clin Cancer Res 
6, 4091-4095. 

NCI (2006). Childhood acute lymphoblastic leukemia (PDQ): Treatment. National 
Cancer Institute, Washington, DC. 

Neglia, J. P., Friedman, D. L., Yasui, Y., Mertens, A. C., Hammond, S., Stovall, M., 
Donaldson, S. S., Meadows, A. T., and Robison, L. L. (2001). Second malignant 
neoplasms in five-year survivors of childhood cancer: childhood cancer survivor 
study. J Natl Cancer Inst 93, 618-629. 



 87 

Neri, M., Bonassi, S., Knudsen, L. E., Sram, R. J., Holland, N., Ugolini, D., and Merlo, 
D. F. (2006a). Children's exposure to environmental pollutants and biomarkers of 
genetic damage. I. Overview and critical issues. Mutat Res 612, 1-13. 

Neri, M., Ceppi, M., Knudsen, L. E., Merlo, D. F., Barale, R., Puntoni, R., and Bonassi, 
S. (2005). Baseline micronuclei frequency in children: estimates from meta- and 
pooled analyses. Environ Health Perspect 113, 1226-1229. 

Neri, M., Fucic, A., Knudsen, L. E., Lando, C., Merlo, F., and Bonassi, S. (2003). 
Micronuclei frequency in children exposed to environmental mutagens: a review. 
Mutat Res 544, 243-254. 

Neri, M., Ugolini, D., Bonassi, S., Fucic, A., Holland, N., Knudsen, L. E., Sram, R. J., 
Ceppi, M., Bocchini, V., and Merlo, D. F. (2006b). Children's exposure to 
environmental pollutants and biomarkers of genetic damage. II. Results of a 
comprehensive literature search and meta-analysis. Mutat Res 612, 14-39. 

Ng, A., Taylor, G. M., Wynn, R. F., and Eden, O. B. (2005). Effects of topoisomerase 2 
inhibitors on the MLL gene in children receiving chemotherapy: a prospective 
study. Leukemia 19, 253-259. 

Niazi, G. A., and Fleming, A. F. (1989). Blood dyscrasia in unoffical vendors of petrol 
and heavy oil and motor mechanics in Nigeria. Tropical Doctor, 55-58. 

Norppa, H., Bonassi, S., Hansteen, I. L., Hagmar, L., Stromberg, U., Rossner, P., 
Boffetta, P., Lindholm, C., Gundy, S., Lazutka, J., Cebulska-Wasilewska, A., 
Fabianova, E., Sram, R. J., Knudsen, L. E., Barale, R., and Fucic, A. (2006). 
Chromosomal aberrations and SCEs as biomarkers of cancer risk. Mutat Res. 

Nowell, P. C. (1991). Origins of human leukemia:  an overview. In Origins of human 
cancer.  A comprehensive review. (J. Brugge, T. Curran, E. Harlow, and F. 
McCormick, Eds.). Cold Spring Harbor Laboratory Press. 

NRC (1987). Biological markers in environmental health research. Committee on 
Biological Markers of the National Research Council. Environ Health Perspect 
74, 3-9. 

Obe, G., Vogt, H. J., Madle, S., Fahning, A., and Heller, W. D. (1982). Double-blind 
study on the effect of cigarette smoking on the chromosomes of human peripheral 
blood lymphocytes in vivo. Mutat Res 92, 309-319. 

Ohara, A., Kojima, S., Hamajima, N., Tsuchida, M., Imashuku, S., Ohta, S., Sasaki, H., 
Okamura, J., Sugita, K., Kigasawa, H., Kiriyama, Y., Akatsuka, J., and 
Tsukimoto, I. (1997). Myelodysplastic syndrome and acute myelogenous 
leukemia as a late clonal complication in children with acquired aplastic anemia. 
Blood 90, 1009-1013. 

Osterman-Golkar, S., and Bond, J. A. (1996). Biomonitoring of 1,3-butadiene and related 
compounds. Environ Health Perspect 104 Suppl 5, 907-915. 

Pedersen-Bjergaard, J., Andersen, M. K., and Christiansen, D. H. (2000). Therapy-related 
acute myeloid leukemia and myelodysplasia after high-dose chemotherapy and 
autologous stem cell transplantation. Blood 95, 3273-3279. 

Pedersen-Bjergaard, J., Andersen, M. K., Christiansen, D. H., and Nerlov, C. (2002). 
Genetic pathways in therapy-related myelodysplasia and acute myeloid leukemia. 
Blood 99, 1909-1912. 

Pedersen-Bjergaard, J., Pedersen, M., Roulston, D., and Philip, P. (1995). Different 
Genetic Pathways In Leukemogenesis For Patients Presenting With Therapy-



 88 

Related Myelodysplasia and Therapy-Related Acute Myeloid Leukemia. Blood 
86, 3542-3552. 

Pedersen-Bjergaard, J., and Philip, P. (1987). Cytogenetic characteristics of therapy-
related acute nonlymphocytic leukaemia, preleukaemia, and acute 
myeloproliferative syndrome: correlation with clinical data for 61 consucutive 
cases. Brit J Haemat 66, 199-207. 

Pedersen-Bjergaard, J., and Philip, P. (1991). Two different classes of therapy-related and 
de-novo acute myeloid leukemia? Cancer Genet Cytogenet 55, 119-124. 

Pedersen-Bjergaard, J., and Rowley, J. D. (1994). The balanced and the unbalanced 
chromosome aberrations of acute myeloid leukemia may develop in different 
ways and may contribute differently to malignant transformation. Blood 83, 2780-
2786. 

Perentesis, J. P. (2001). Genetic predisposition and treatment-related leukemia. Med 
Pediatr Oncol 36, 541-548. 

Philip, P., and Pedersen-Bjergaard, J. (1988). Cytogenetic, clinical, and cytologic 
characteristics of radiotherapy-related leukemias. Cancer Genet Cytogenet 31, 
227-236. 

Phillips, D. H., Farmer, P. B., Beland, F. A., Nath, R. G., Poirier, M. C., Reddy, M. V., 
and Turteltaub, K. W. (2000). Methods of DNA adduct determination and their 
application to testing compounds for genotoxicity. Environ Mol Mutagen 35, 222-
233. 

Pluth, J. M., Ramsey, M. J., and Tucker, J. D. (2000). Role of maternal exposures and 
newborn genotypes on newborn chromosome aberration frequencies. Mutat Res 
465, 101-111. 

Poirier, M. C., Reed, E., Zwelling, L. A., Ozols, R. F., Litterst, C. L., and Yuspa, S. H. 
(1985). Polyclonal antibodies to quantitate cis-diamminedichloroplatinum(II)--
DNA adducts in cancer patients and animal models. Environ Health Perspect 62, 
89-94. 

Poirier, M. C., and Weston, A. (1996). Human DNA adduct measurements: state of the 
art. Environ Health Perspect 104 Suppl 5, 883-893. 

Preston, D. L., Kusumi, S., Tomonaga, M., Izumi, S., Ron, E., Kuramoto, A., Kamada, 
N., Dohy, H., Matsuo, T., Matsui, T., and et al. (1994). Cancer incidence in 
atomic bomb survivors. Part III. Leukemia, lymphoma and multiple myeloma, 
1950-1987. Radiat Res 137, S68-97. 

Preston, D. L., Pierce, D. A., Shimizu, Y., Cullings, H. M., Fujita, S., Funamoto, S., and 
Kodama, K. (2004). Effect of recent changes in atomic bomb survivor dosimetry 
on cancer mortality risk estimates. Radiat Res 162, 377-389. 

Pui, C., RC, R., ML, H., GK, R., WE, E., SC, R., DR, H., FG, B., MH, M., and JT., S. 
(1991). Acute myeloid leukemia in children treated with epipodophyllotoxins for 
acute lymphoblastic leukemia. New England Journal of Medicine 325, 1682-
1687. 

Pui, C. H., Behm, F. G., Raimondi, S. C., Dodge, R. K., George, S. L., Rivera, G. K., 
Mirro, J., Jr., Kalwinsky, D. K., Dahl, G. V., and Murphy, S. B. (1989). 
Secondary acute myeloid leukemia in children treated for acute lymphoid 
leukemia [see comments]. N Engl J Med 321, 136-142. 



 89 

Pui, C. H., and Evans, W. E. (1998). Acute lymphoblastic leukemia. N Engl J Med 339, 
605-615. 

Pui, C. H., Hancock, M. L., Raimondi, S. C., Head, D. R., Thompson, E., Wilimas, J., 
Kun, L. E., Bowman, L. C., Crist, W. M., and Pratt, C. B. (1990). Myeloid 
neoplasia in children treated for solid tumours. Lancet 336, 417-421. 

Pui, C. H., and Relling, M. V. (2000). Topoisomerase II inhibitor-related acute myeloid 
leukaemia. Br J Haematol 109, 13-23. 

Pyatt, D. W., Hays, S. M., and Cushing, C. A. (2005). Do children have increased 
susceptibility for developing secondary acute myelogenous leukemia? Chem Biol 
Interact 153-154, 223-229. 

Qian, Z., Fernald, A. A., Godley, L. A., Larson, R. A., and Le Beau, M. M. (2002). 
Expression profiling of CD34+ hematopoietic stem/ progenitor cells reveals 
distinct subtypes of therapy-related acute myeloid leukemia. Proc Natl Acad Sci 
U S A 99, 14925-14930. 

Qu, Q., Shore, R., Li, G., Jin, X., Chen, L. C., Cohen, B., Melikian, A. A., Eastmond, D., 
Rappaport, S., Li, H., Rupa, D., Waidyanatha, S., Yin, S., Yan, H., Meng, M., 
Winnik, W., Kwok, E. S., Li, Y., Mu, R., Xu, B., Zhang, X., and Li, K. (2003). 
Validation and evaluation of biomarkers in workers exposed to benzene in China. 
Res Rep Health Eff Inst, 1-72; discussion 73-87. 

Qu, Q., Shore, R., Li, G., Jin, X., Chen, L. C., Cohen, B., Melikian, A. A., Eastmond, D., 
Rappaport, S. M., Yin, S., Li, H., Waidyanatha, S., Li, Y., Mu, R., Zhang, X., and 
Li, K. (2002). Hematological changes among Chinese workers with a broad range 
of benzene exposures. Am J Ind Med 42, 275-285. 

Rappaport, S. M., Waidyanatha, S., Yeowell-O'Connell, K., Rothman, N., Smith, M. T., 
Zhang, L., Qu, Q., Shore, R., Li, G., and Yin, S. (2005). Protein adducts as 
biomarkers of human benzene metabolism. Chem Biol Interact 153-154, 103-109. 

Reed, E., Yuspa, S. H., Zwelling, L. A., Ozols, R. F., and Poirier, M. C. (1986). 
Quantitation of cis-diamminedichloroplatinum II (cisplatin)-DNA-intrastrand 
adducts in testicular and ovarian cancer patients receiving cisplatin chemotherapy. 
J Clin Invest 77, 545-550. 

Reeves, B., Casey, G., Harris, H., and Dinning, W. (1985). Long-term cytogenetic 
follow-up study of patients with uveitis treated with chlorambucil. Carcinogenesis 
6, 1615-1619. 

Rege-Cambrin, G., Giugliano, E., Michaux, L., Stul, M., Scaravaglio, P., Serra, A., 
Saglio, G., and Hagemeijer, A. (2005). Trisomy 11 in myeloid malignancies is 
associated with internal tandem duplication of both MLL and FLT3 genes. 
Haematologica 90, 262-264. 

Richards, R. I. (2001). Fragile and unstable chromosomes in cancer: causes and 
consequences. Trends Genet 17, 339-345. 

Robien, K., and Ulrich, C. M. (2003). 5,10-Methylenetetrahydrofolate reductase 
polymorphisms and leukemia risk: a HuGE minireview. Am J Epidemiol 157, 
571-582. 

Robison, L. L., Arthur, D. C., Ball, D. W., Danzl, T. J., and Nesbit, M. E. (1982). 
Cytogenetic studies of long-term survivors of childhood acute lymphoblastic 
leukemia. Cancer Res 42, 4289-4292. 



 90 

Ron, E. (1998). Ionizing radiation and cancer risk: evidence from epidemiology. Radiat 
Res 150, S30-41. 

Ron, E. (2003). Cancer risks from medical radiation. Health Phys 85, 47-59. 
Ross, J. A. (1998). Maternal diet and infant leukemia: a role for DNA topoisomerase II 

inhibitors? Int J Cancer Suppl 11, 26-28. 
Ross, J. A., Potter, J. D., Reaman, G. H., Pendergrass, T. W., and Robison, L. L. (1996). 

Maternal exposure to potential inhibitors of DNA topoisomerase II and infant 
leukemia (United States): a report from the Children's Cancer Group. Cancer 
Causes Control 7, 581-590. 

Ross, M. E., Mahfouz, R., Onciu, M., Liu, H. C., Zhou, X., Song, G., Shurtleff, S. A., 
Pounds, S., Cheng, C., Ma, J., Ribeiro, R. C., Rubnitz, J. E., Girtman, K., 
Williams, W. K., Raimondi, S. C., Liang, D. C., Shih, L. Y., Pui, C. H., and 
Downing, J. R. (2004). Gene expression profiling of pediatric acute myelogenous 
leukemia. Blood 104, 3679-3687. 

Rothman, N., Smith, M. T., Hayes, R. B., Traver, R. D., Hoener, B., Campleman, S., Li, 
G. L., Dosemeci, M., Linet, M., Zhang, L., Xi, L., Wacholder, S., Lu, W., Meyer, 
K. B., Titenko-Holland, N., Stewart, J. T., Yin, S., and Ross, D. (1997). Benzene 
poisoning, a risk factor for hematological malignancy, is associated with the 
NQO1 609C-->T mutation and rapid fractional excretion of chlorzoxazone. 
Cancer Res 57, 2839-2842. 

Roumier, C., Fenaux, P., Lafage, M., Imbert, M., Eclache, V., and Preudhomme, C. 
(2003). New mechanisms of AML1 gene alteration in hematological 
malignancies. Leukemia 17, 9-16. 

Rubin, C. M., Arthur, D. C., Woods, W. G., Lange, B. J., Nowell, P. C., Rowley, J. D., 
Nachman, J., Bostrom, B., Baum, E. S., Suarez, C. R., and et al. (1991). Therapy-
related myelodysplastic syndrome and acute myeloid leukemia in children: 
correlation between chromosomal abnormalities and prior therapy. Blood 78, 
2982-2988. 

Russell, N. H. (1997). Biology of acute leukaemia. Lancet 349, 118-122. 
Sander, M., Cadet, J., Casciano, D. A., Galloway, S. M., Marnett, L. J., Novak, R. F., 

Pettit, S. D., Preston, R. J., Skare, J. A., Williams, G. M., Van Houten, B., and 
Gollapudi, B. B. (2005). Proceedings of a workshop on DNA adducts: biological 
significance and applications to risk assessment Washington, DC, April 13-14, 
2004. Toxicol Appl Pharmacol 208, 1-20. 

Sanderson, B. J., and Shield, A. J. (1996). Mutagenic damage to mammalian cells by 
therapeutic alkylating agents. Mutat Res 355, 41-57. 

Sandoval, C., Pui, C. H., Bowman, L. C., Heaton, D., Hurwitz, C. A., Raimondi, S. C., 
Behm, F. G., and Head, D. R. (1993). Secondary acute myeloid leukemia in 
children previously treated with alkylating agents, intercalating topoisomerase II 
inhibitors, and irradiation. J Clin Oncol 11, 1039-1045. 

Sasiadek, M. (1992). Nonrandom distribution of breakpoints in the karyotypes of workers 
occupationally exposed to benzene. Environ Health Perspect 97, 255-257. 

Sasiadek, M., and Jagielski, J. (1990). Genotoxic effects observed in workers 
occupationally exposed to organic solvents. Polish Journal of Occupational 
Medicine 3, 103-108. 



 91 

Sasiadek, M., Jagielski, J., and Smolik, R. (1989). Localization of breakpoints in the 
karotype of workers professionally exposed to benzene. Mutation Research 224, 
235-240. 

Sawyers, C. L., Denny, C. T., and Witte, W. N. (1991). Leukemia and the disruption of 
normal hematopoiesis. Cell 64, 337-350. 

Schnittger, S., Wormann, B., Hiddemann, W., and Griesinger, F. (1998). Partial tandem 
duplications of the MLL gene are detectable in peripheral blood and bone marrow 
of nearly all healthy donors. Blood 92, 1728-1734. 

Segel, G. B., and Lichtman, M. A. (2004). Familial (inherited) leukemia, lymphoma, and 
myeloma: an overview. Blood Cells Mol Dis 32, 246-261. 

Seiber, S. M., and Adamson, R. H. (1975). Toxicity of antineoplastic agents in man: 
chromosomal aberrations, antifertility effects, congenital malformations, and 
carcinogenic potential. Advances in Cancer Research 22, 57-155. 

Shangguan, D., Li, Y., Tang, Z., Cao, Z. C., Chen, H. W., Mallikaratchy, P., Sefah, K., 
Yang, C. J., and Tan, W. (2006). Aptamers evolved from live cells as effective 
molecular probes for cancer study. Proc Natl Acad Sci U S A 103, 11838-11843. 

Shen, M., Lan, Q., Zhang, L., Chanock, S., Li, G., Vermeulen, R., Rappaport, S. M., Guo, 
W., Hayes, R. B., Linet, M., Yin, S., Yeager, M., Welch, R., Forrest, M. S., 
Rothman, N., and Smith, M. T. (2006). Polymorphisms in genes involved in DNA 
double strand repair pathway and susceptibility to benzene-induced 
hematotoxicity. Carcinogenesis in press. 

Singh, R., and Farmer, P. B. (2006). Liquid chromatography-electrospray ionization-mass 
spectrometry: the future of DNA adduct detection. Carcinogenesis 27, 178-196. 

Sinnett, D., Labuda, D., and Krajinovic, M. (2006). Challenges identifying genetic 
determinants of pediatric cancers--the childhood leukemia experience. Fam 
Cancer 5, 35-47. 

Sirma, S., Agaoglu, L., Yildiz, I., Cayli, D., Horgusluoglu, E., Anak, S., Yuksel, L., 
Unuvar, A., Celkan, T., Apak, H., Karakas, Z., Devecioglu, O., and Ozbek, U. 
(2004). NAD(P)H:quinone oxidoreductase 1 null genotype is not associated with 
pediatric de novo acute leukemia. Pediatr Blood Cancer 43, 568-570. 

Skibola, C. F., Smith, M. T., Kane, E., Roman, E., Rollinson, S., Cartwright, R. A., and 
Morgan, G. (1999). Polymorphisms in the methylenetetrahydrofolate reductase 
gene are associated with susceptibility to acute leukemia in adults. Proc Natl 
Acad Sci U S A 96, 12810-12815. 

Smerhovsky, Z., Landa, K., Rossner, P., Brabec, M., Zudova, Z., Hola, N., Pokorna, Z., 
Mareckova, J., and Hurychova, D. (2001). Risk of cancer in an occupationally 
exposed cohort with increased level of chromosomal aberrations. Environ Health 
Perspect 109, 41-45. 

Smith, M. A., Rubinstein, L., Anderson, J. R., Arthur, D., Catalano, P. J., Freidlin, B., 
Heyn, R., Khayat, A., Krailo, M., Land, V. J., Miser, J., Shuster, J., and Vena, D. 
(1999). Secondary leukemia or myelodysplastic syndrome after treatment with 
epipodophyllotoxins. J Clin Oncol 17, 569-577. 

Smith, M. A., Rubinstein, L., Cazenave, L., Ungerleider, R. S., Maurer, H. M., Heyn, R., 
Khan, F. M., and Gehan, E. (1993). Report of the Cancer Therapy Evaluation 
Program monitoring plan for secondary acute myeloid leukemia following 



 92 

treatment with epipodophyllotoxins. Journal of the National Cancer Institute 85, 
554-558. 

Smith, M. A., Rubinstein, L., and Ungerleider, R. S. (1994). Therapy-related acute 
myeloid leukemia following treatment with epipodophyllotoxins: estimating the 
risks. Med Pediatr Oncol 23, 86-98. 

Smith, M. T. (1999). Benzene, NQO1, and genetic susceptibility to cancer. Proc Natl 
Acad Sci U S A 96, 7624-7626. 

Smith, M. T., and Fanning, E. W. (1997). Report on the workshop entitled: "Modeling 
chemically induced leukemia--implications for benzene risk assessment". Leuk 
Res 21, 361-374. 

Smith, M. T., McHale, C. M., Wiemels, J. L., Zhang, L., Wiencke, J. K., Zheng, S., 
Gunn, L., Skibola, C. F., Ma, X., and Buffler, P. A. (2005a). Molecular 
biomarkers for the study of childhood leukemia. Toxicol Appl Pharmacol 206, 
237-245. 

Smith, M. T., Skibola, C. F., Allan, J. M., and Morgan, G. J. (2004). Causal models of 
leukaemia and lymphoma. IARC Sci Publ, 373-392. 

Smith, M. T., Vermeulen, R., Li, G., Zhang, L., Lan, Q., Hubbard, A. E., Forrest, M. S., 
McHale, C., Zhao, X., Gunn, L., Shen, M., Rappaport, S. M., Yin, S., Chanock, 
S., and Rothman, N. (2005b). Use of 'Omic' technologies to study humans 
exposed to benzene. Chem Biol Interact 153-154, 123-127. 

Smith, M. T., Wang, Y., Kane, E., Rollinson, S., Wiemels, J. L., Roman, E., Roddam, P., 
Cartwright, R., and Morgan, G. (2001). Low NAD(P)H:quinone oxidoreductase 1 
activity is associated with increased risk of acute leukemia in adults. Blood 97, 
1422-1426. 

Smith, M. T., Wang, Y., Skibola, C. F., Slater, D. J., Lo Nigro, L., Nowell, P. C., Lange, 
B. J., and Felix, C. A. (2002). Low NAD(P)H:quinone oxidoreductase activity is 
associated with increased risk of leukemia with MLL translocations in infants and 
children. Blood 100, 4590-4593. 

Smith, M. T., Zhang, L., Wang, Y., Hayes, R. B., Li, G., Wiemels, J., Dosemeci, M., 
Titenko-Holland, N., Xi, L., Kolachana, P., Yin, S., and Rothman, N. (1998). 
Increased translocations and aneusomy in chromosomes 8 and 21 among workers 
exposed to benzene. Cancer Res 58, 2176-2181. 

Solomon, E., Borrow, J., and Goddard, A. D. (1991). Chromosome aberrations and 
cancer. Science 254, 1153-1160. 

Souliotis, V. L., Dimopoulos, M. A., and Sfikakis, P. P. (2003). Gene-specific formation 
and repair of DNA monoadducts and interstrand cross-links after therapeutic 
exposure to nitrogen mustards. Clin Cancer Res 9, 4465-4474. 

Spector, L. G., Xie, Y., Robison, L. L., Heerema, N. A., Hilden, J. M., Lange, B., Felix, 
C. A., Davies, S. M., Slavin, J., Potter, J. D., Blair, C. K., Reaman, G. H., and 
Ross, J. A. (2005). Maternal diet and infant leukemia: the DNA topoisomerase II 
inhibitor hypothesis: a report from the children's oncology group. Cancer 
Epidemiol Biomarkers Prev 14, 651-655. 

Staal, F. J., van der Burg, M., Wessels, L. F., Barendregt, B. H., Baert, M. R., van den 
Burg, C. M., van Huffel, C., Langerak, A. W., van der Velden, V. H., Reinders, 
M. J., and van Dongen, J. J. (2003). DNA microarrays for comparison of gene 
expression profiles between diagnosis and relapse in precursor-B acute 



 93 

lymphoblastic leukemia: choice of technique and purification influence the 
identification of potential diagnostic markers. Leukemia 17, 1324-1332. 

Stanulla, M., Wang, J., Chervinsky, D. S., Thandla, S., and Aplan, P. D. (1997). DNA 
cleavage within the MLL breakpoint cluster region is a specific event which 
occurs as part of higher-order chromatin fragmentation during the initial stages of 
apoptosis. Mol Cell Biol 17, 4070-4079. 

Steffen, C., Auclerc, M. F., Auvrignon, A., Baruchel, A., Kebaili, K., Lambilliotte, A., 
Leverger, G., Sommelet, D., Vilmer, E., Hemon, D., and Clavel, J. (2004). Acute 
childhood leukaemia and environmental exposure to potential sources of benzene 
and other hydrocarbons; a case-control study. Occup Environ Med 61, 773-778. 

Steliarova-Foucher, E., Stiller, C., Kaatsch, P., Berrino, F., Coebergh, J. W., Lacour, B., 
and Parkin, M. (2004). Geographical patterns and time trends of cancer incidence 
and survival among children and adolescents in Europe since the 1970s (the 
ACCISproject): an epidemiological study. Lancet 364, 2097-2105. 

Storer, J. B., Fry, R. J. M., and Ullrich, R. L. (1982). Somatic Effects of Radiation. In The 
Mouse in Biomedical Research (H. L. Foster, J. D. Small, and J. G. Fox, Eds.), 
pp. 138-144. Academic Press, New York. 

Straume, T., Lucas, J. N., Tucker, J. D., Bigbee, W. L., and Langlois, R. G. (1992). 
Biodosimetry for a radiation worker using multiple assays. Health Phys 62, 122-
130. 

Strick, R., Strissel, P. L., Borgers, S., Smith, S. L., and Rowley, J. D. (2000). Dietary 
bioflavonoids induce cleavage in the MLL gene and may contribute to infant 
leukemia. Proc Natl Acad Sci U S A 97, 4790-4795. 

Sullivan, A. K. (1993). Classification, pathogenesis, and etiology of neoplastic diseases 
of the hematopoietic system. In Wintrobe's Clinical Hematology (G. R. Lee, T. C. 
Bithell, J. Foerster, J. W. Athens, and J. N. Lukens, Eds.), pp. 1725-1791. Lea & 
Febiger, Philadelphia. 

Tanaka, K., Kamada, N., Ohkita, T., and Kuramoto, A. (1983). Nonrandom distribution 
of chromosome breaks in lymphocytes of atomic bomb survivors. J Radiat Res 
(Tokyo) 24, 291-304. 

Taub, J. W., Konrad, M. A., Ge, Y., Naber, J. M., Scott, J. S., Matherly, L. H., and 
Ravindranath, Y. (2002). High frequency of leukemic clones in newborn 
screening blood samples of children with B-precursor acute lymphoblastic 
leukemia. Blood 99, 2992-2996. 

Te Kronnie, G., Bicciato, S., and Basso, G. (2004). Acute leukemia subclassification: a 
marker protein expression perspective. Hematology 9, 165-170. 

Thompson, J. R., Gerald, P. F., Willoughby, M. L., and Armstrong, B. K. (2001). 
Maternal folate supplementation in pregnancy and protection against acute 
lymphoblastic leukaemia in childhood: a case-control study. Lancet 358, 1935-
1940. 

Thomsen, J., Schroder, H., Kristinsson, J., Madsen, B., Szumlanski, C., Weinshilboum, 
R., Andersen, J. B., and Schmiegelow, K. (1999). Possible carcinogenic effect of 
6-mercaptopurine on bone marrow stem cells: relation to thiopurine metabolism. 
Cancer 86, 1080-1086. 

Traweek, S. T., Slovak, M. L., Nademanee, A. P., Brynes, R. K., Niland, J. C., and 
Forman, S. J. (1994). Clonal karyotypic hematopoietic cell abnormalities 



 94 

occurring after autologous bone marrow transplantation for Hodgkin's disease and 
non-Hodgkin's lymphoma. Blood 84, 957-963. 

Tsuzuki, S., Seto, M., Greaves, M., and Enver, T. (2004). Modeling first-hit functions of 
the t(12;21) TEL-AML1 translocation in mice. Proc Natl Acad Sci U S A 101, 
8443-8448. 

Tucker, M. A., Coleman, C. N., Cox, R. S., Varghese, A., and Rosenberg, S. A. (1988). 
Risk of second cancers after treatment for Hodgkin's disease. N Engl J Med 318, 
76-81. 

Tucker, M. A., Meadows, A. T., Boice, J. D., Jr., Stovall, M., Oberlin, O., Stone, B. J., 
Birch, J., Voute, P. A., Hoover, R. N., and Fraumeni, J. F., Jr. (1987). Leukemia 
after therapy with alkylating agents for childhood cancer. J Natl Cancer Inst 78, 
459-464. 

Uckun, F. M., Herman-Hatten, K., Crotty, M. L., Sensel, M. G., Sather, H. N., Tuel-
Ahlgren, L., Sarquis, M. B., Bostrom, B., Nachman, J. B., Steinherz, P. G., 
Gaynon, P. S., and Heerema, N. (1998). Clinical significance of MLL-AF4 fusion 
transcript expression in the absence of a cytogenetically detectable 
t(4;11)(q21;q23) chromosomal translocation. Blood 92, 810-821. 

UNSCEAR (1994). Sources and effects of ionizing radiation: United Nations Scientific 
Committee on the Effects of Atomic Radiation: UNSCEAR 1994 report to the 
General Assembly, with scientific annexes. 

USEPA (1997). Exposure Factors Handbook, pp. 1193. U.S. Environmental Protection 
Agency. 

van Delft, J. H., van Winden, M. J., van den Ende, A. M., and Baan, R. A. (1993). 
Determining N7-alkylguanine adducts by immunochemical methods and HPLC 
with electrochemical detection: applications in animal studies and in monitoring 
human exposure to alkylating agents. Environ Health Perspect 99, 25-32. 

van Leeuwen, F. E., Klokman, W. J., Hagenbeek, A., Noyon, R., van den Belt-Dusebout, 
A. W., van Kerkhoff, E. H., van Heerde, P., and Somers, R. (1994). Second 
cancer risk following Hodgkin's disease: a 20-year follow-up study. J Clin Oncol 
12, 312-325. 

Vaughan, A. T., Betti, C. J., Villalobos, M. J., Premkumar, K., Cline, E., Jiang, Q., and 
Diaz, M. O. (2005). Surviving apoptosis: a possible mechanism of benzene-
induced leukemia. Chem Biol Interact 153-154, 179-185. 

Vermeulen, R., Lan, Q., Zhang, L., Gunn, L., McCarthy, D., Woodbury, R. L., McGuire, 
M., Podust, V. N., Li, G., Chatterjee, N., Mu, R., Yin, S., Rothman, N., and 
Smith, M. T. (2005). Decreased levels of CXC-chemokines in serum of benzene-
exposed workers identified by array-based proteomics. Proc Natl Acad Sci U S A 
102, 17041-17046. 

Wakeford, R., and Little, M. P. (2002). Childhood cancer after low-level intrauterine 
exposure to radiation. J Radiol Prot 22, A123-127. 

Wang, J.-S., Links, J., and Groopman, J. D. (2001). Molecular epidemiology and 
biiomarkers. In Genetic Toxicology and Cancer Risk Assessment (W. N. Choy, 
Ed.), pp. 271-298. Marcel Dekker, New York. 

Weaver, V. M., Buckley, T. J., and Groopman, J. D. (1998). Approaches to 
environmental exposure assessment in children. Environ Health Perspect 106 
Suppl 3, 827-832. 



 95 

Weiss, H. A., Darby, S. C., Fearn, T., and Doll, R. (1995). Leukemia mortality after X-
ray treatment for ankylosing spondylitis. Radiat Res 142, 1-11. 

WHO (2001). Pathology and Genetics of Tumours of Haematopoietic and Lymphoid 
Tissues. IARC Press, Lyon, France. 

Wiemels, J. L., Pagnamenta, A., Taylor, G. M., Eden, O. B., Alexander, F. E., and 
Greaves, M. F. (1999). A lack of a functional NAD(P)H:quinone oxidoreductase 
allele is selectively associated with pediatric leukemias that have MLL fusions. 
United Kingdom Childhood Cancer Study Investigators. Cancer Res 59, 4095-
4099. 

Wiemels, J. L., Smith, R. N., Taylor, G. M., Eden, O. B., Alexander, F. E., and Greaves, 
M. F. (2001). Methylenetetrahydrofolate reductase (MTHFR) polymorphisms and 
risk of molecularly defined subtypes of childhood acute leukemia. Proc Natl Acad 
Sci U S A 98, 4004-4009. 

Wiemels, J. L., Zhang, Y., Chang, J., Zheng, S., Metayer, C., Zhang, L., Smith, M. T., 
Ma, X., Selvin, S., Buffler, P. A., and Wiencke, J. K. (2005). RAS mutation is 
associated with hyperdiploidy and parental characteristics in pediatric acute 
lymphoblastic leukemia. Leukemia 19, 415-419. 

Willenbrock, H., Juncker, A. S., Schmiegelow, K., Knudsen, S., and Ryder, L. P. (2004). 
Prediction of immunophenotype, treatment response, and relapse in childhood 
acute lymphoblastic leukemia using DNA microarrays. Leukemia 18, 1270-1277. 

Worrillow, L. J., Travis, L. B., Smith, A. G., Rollinson, S., Smith, A. J., Wild, C. P., 
Holowaty, E. J., Kohler, B. A., Wiklund, T., Pukkala, E., Roman, E., Morgan, G. 
J., and Allan, J. M. (2003). An intron splice acceptor polymorphism in hMSH2 
and risk of leukemia after treatment with chemotherapeutic alkylating agents. Clin 
Cancer Res 9, 3012-3020. 

Wright, E. G. (1995). The pathogenesis of leukaemia. In Radiation Toxicology: Bone 
Marrow and Leukemia (J. H. Hendry, and B. I. Lord, Eds.), pp. 245-274. Taylor 
& Francis, London. 

Xie, Y., Davies, S. M., Xiang, Y., Robison, L. L., and Ross, J. A. (2003). Trends in 
leukemia incidence and survival in the United States (1973-1998). Cancer 97, 
2229-2235. 

Xue, Y., Lu, D., Guo, Y., and Lin, B. (1992). Specific chromosomal translocations and 
therapy-related leukemia induced by bimolane therapy for psoriasis. Leuk Res 16, 
1113-1123. 

Yagi, T., Hibi, S., Tabata, Y., Kuriyama, K., Teramura, T., Hashida, T., Shimizu, Y., 
Takimoto, T., Todo, S., Sawada, T., and Imashuku, S. (2000). Detection of 
clonotypic IGH and TCR rearrangements in the neonatal blood spots of infants 
and children with B-cell precursor acute lymphoblastic leukemia. Blood 96, 264-
268. 

Yeoh, E. J., Ross, M. E., Shurtleff, S. A., Williams, W. K., Patel, D., Mahfouz, R., Behm, 
F. G., Raimondi, S. C., Relling, M. V., Patel, A., Cheng, C., Campana, D., 
Wilkins, D., Zhou, X., Li, J., Liu, H., Pui, C. H., Evans, W. E., Naeve, C., Wong, 
L., and Downing, J. R. (2002). Classification, subtype discovery, and prediction 
of outcome in pediatric acute lymphoblastic leukemia by gene expression 
profiling. Cancer Cell 1, 133-143. 



 96 

Yin, S., and Li, G. (1994). Benzene risk and it prevention in China. In The Identification 
and Control of Environmental and Occupational Diseases: Hazards and Risks of 
Chemicals in the Oil Refining Industry (M. A. Mehlman, and A. Upton, Eds.), pp. 
287-300. Princeton Scientific Publishing Co., Princeton, NJ. 

Yin, S., Ye, P., Li, G., and Jin, C. (1994). Study on the program for diagnosis of benzene 
leukemia. In Toxicological and Epidemiological Studies on Benzene in China (S. 
Yin, and G. Li, Eds.). Institute of Occcupation Medicine, Chinese Academy of 
Preventive Medicine, Beijing. 

Yuan, Y., Zhou, L., Miyamoto, T., Iwasaki, H., Harakawa, N., Hetherington, C. J., Burel, 
S. A., Lagasse, E., Weissman, I. L., Akashi, K., and Zhang, D. E. (2001). AML1-
ETO expression is directly involved in the development of acute myeloid 
leukemia in the presence of additional mutations. Proc Natl Acad Sci U S A 98, 
10398-10403. 

Yunis, J. J. (1983). The chromosomal basis of human neoplasia. Science 221, 227-236. 
Yunis, J. J., and Soreng, A. L. (1984). Constitutive fragile sites and cancer. Science 226, 

1199-1204. 
Zhang, L., Eastmond, D. A., and Smith, M. T. (2002). The nature of chromosomal 

aberrations detected in humans exposed to benzene. Crit Rev Toxicol 32, 1-42. 
Zhang, L., Rothman, N., Wang, Y., Hayes, R. B., Li, G., Dosemeci, M., Yin, S., 

Kolachana, P., Titenko-Holland, N., and Smith, M. T. (1998). Increased 
aneusomy and long arm deletion of chromosomes 5 and 7 in the lymphocytes of 
Chinese workers exposed to benzene. Carcinogenesis 19, 1955-1961. 

Zhang, M. H., Wang, X. Y., and Gao, L. S. (1993). [140 cases of acute leukemia caused 
by bimolane]. Chung Hua Nei Ko Tsa Chih 32, 668-672. 

Zhang, Y., and Rowley, J. D. (2006). Chromatin structural elements and chromosomal 
translocations in leukemia. DNA Repair (Amst). 

Zheng, S., Ma, X., Zhang, L., Gunn, L., Smith, M. T., Wiemels, J. L., Leung, K., Buffler, 
P. A., and Wiencke, J. K. (2004). Hypermethylation of the 5' CpG island of the 
FHIT gene is associated with hyperdiploid and translocation-negative subtypes of 
pediatric leukemia. Cancer Res 64, 2000-2006. 

Zotti-Martelli, L., Migliore, L., Panasiuk, G., and Barale, R. (1999). Micronucleus 
frequency in Gomel (Belarus) children affected and not affected by thyroid 
cancer. Mutat Res 440, 35-43. 

 
 
 



 97 

Table 1.  Summary of the WHO classification of tumors of hematopoietic and 
lymphoid tissues 
 
CHRONIC MYELOPROLIFERATIVE DISEASES 
Chronic myelogenous leukemia 
Chronic neutrophilic leukemia 
Chronic eosinophilic leukemia/hypereosinophilic syndrome 
Polycythemia vera 
Chronic idiopathic myelofibrosis 
Essential thrombocythemia 
Chronic myeloproliferative disease, unclassifiable 
 
MYELODYSPLASTIC/MYELOPROLIFERATIVE DISEASES 
Chronic myelomonocytic leukemia 
Atypical chronic myeloid leukemia 
Juvenile myelomonocytic leukemia 
Myelodysplastic/myeloproliferative diseases, unclassifiable 
 
MYELODYSPLASTIC SYNDROMES 
Refractory Anemia 
Refractory anemia with ringed sideroblasts 
Refractory cytopenia with multilineage dysplasia 
Refractory anemia with excess blasts 
Myelodysplastic syndrome associated with isolated del(5q) chromosome abnormality 
Myelodysplastic syndrome, unclassifiable 
 
ACUTE MYELOID LEUKEMIAS 
Acute myeloid leukemia with recurrent cytogenetic abnormalities 
Acute myeloid leukemia with t(8;21)(q22;q22), (AML1/ETO) 
Acute myeloid leukemia with inv(16)(p13q22) or t(16;16)(p13;q22), (CBFβ/MYH11) 
Acute promyelocytic leukemia (AML with t(15;17)(q22;q12), (PML/RARα) and variants 
Acute myeloid leukemia with 11q23 (MLL) abnormalities 
 
Acute myeloid leukemia with multilineage dysplasia 
With prior myelodysplastic syndrome 
Without prior myelodysplastic syndrome 
 
Acute myeloid leukemia and myelodysplastic syndromes, therapy related 
Alkylating agent/radiation–related type 
Topoisomerase II inhibitor–related type (some may be lymphoid) 
 
Acute myeloid leukemia, not otherwise categorized 
Acute myeloid leukemia, minimally differentiated 
Acute myeloid leukemia without maturation 
Acute myeloid leukemia with maturation 
Acute myelomonocytic leukemia 
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Acute monoblastic and monocytic leukemia 
Acute erythroid leukemia 
Acute megakaryoblastic leukemia 
Acute basophilic leukemia 
Acute panmyelosis with myelofibrosis 
Myeloid sarcoma 
 
Acute leukemia of ambiguous lineage 
 
B-CELL NEOPLASMS 
Precursor B-cell neoplasm 
Precursor B lymphoblastic leukemia/lymphoma 
 
Mature B-cell neoplasms 
Chronic lymphocytic leukemia/small lymphocytic lymphoma 
B-cell prolymphocytic lymphoma 
Lymphoplasmacytic lymphoma 
Splenic marginal zone lymphoma 
Hairy cell leukemia 
Plasma cell myeloma 
Solitary plasmacytoma of bone 
Extraosseous plasmacytoma 
Extranodal marginal zone B-cell lymphoma of mucosa-associated lymphoid tissue 

(MALT-lymphoma) 
Nodal marginal zone B-cell lymphoma 
Follicular lymphoma 
Mantle cell lymphoma 
Diffuse large B-cell lymphoma 
Mediastinal (thymic) large B-cell lymphoma 
Intravascular large B-cell lymphoma 
Primary effusion lymphoma 
Burkitt lymphoma/leukemia 
 
B-cell proliferations of uncertain malignant potential 
Lymphomatoid granulomatosis 
Post-transplant lymphoproliferative disorder, polymorphic 
 
T-CELL AND NK-CELL NEOPLASMS 
Precursor T-cell neoplasms 
Precursor T lymphoblastic leukemia/lymphoma 
Blastic NK cell lymphoma 
 
Mature T-cell and NK-cell neoplasms 
T-cell prolymphocytic leukemia  
T-cell large granular lymphocytic leukemia  
Aggressive NK-cell leukemia  
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Adult T-cell leukemia/lymphoma  
Extranodal NK/T-cell lymphoma, nasal type 
Enteropathy-type T-cell lymphoma 
Hepatosplenic T-cell lymphoma 
Subcutaneous panniculitis-like T-cell lymphoma 
Mycosis fungoides  
Sézary syndrome  
Primary cutaneous anaplastic large cell lymphoma  
Peripheral T-cell lymphoma, unspecified 
Angioimmunoblastic T-cell lymphoma 
Anaplastic large cell lymphoma 
 
T-cell proliferation of uncertain malignant potential 
Lymphomatoid papulosis 
 
HODGKIN LYMPHOMA 
Nodular lymphocyte predominant Hodgkin lymphoma 
Classical Hodgkin lymphoma 
Nodular sclerosis classical Hodgkin lymphoma 
Lymphocyte-rich classical Hodgkin lymphoma 
Mixed cellularity classical Hodgkin lymphoma 
Lymphocyte-depleted classical Hodgkin lymphoma 
 
HODGKIN LYMPHOMA 
Nodular lymphocyte predominant Hodgkin lymphoma 
Classical Hodgkin lymphoma 
Nodular sclerosis classical Hodgkin lymphoma 
Lymphocyte rich classical Hodgkin lymphoma 
Mixed cellularity classical Hodgkin lymphoma 
Lymphocyte-depleted classical Hodgkin lymphoma 
 
HISTIOCYTIC AND DENDRITIC-CELL NEOPLASMS 
Macrophage/histiocytic neoplasm 
Histiocytic sarcoma 
 
Dendritic cell neoplasms 
Langerhans cell histiocytosis 
Langerhans cell sarcoma 
Interdigitating dendritic cell sarcoma/tumor 
Follicular dendritic cell sarcoma/tumor 
Dendritic cell sarcoma, not otherwise specified 
 
MASTOCYTOSIS 
Cutaneous mastocytosis 
Indolent systemic mastocytosis 
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Systemic mastocytosis with associated clonal, hematological non-mast cell lineage 
disease 
Aggressive systemic mastocytosis 
Mast cell leukemia 
Mast cell sarcoma 
Extracutaneous mastocytoma 
 
 
 
Modified from WHO (2001) 
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Table 2.  Simplified classification of the major types of leukemias 
     

Type Preferred name Abbreviation FAB type  
Acute Acute myelogenous leukemia AML  
  with minimal differentiation  M0 
  without maturation  M1 
  with maturation  M2 
 Acute promyelocytic leukemia APL M3 
 Acute myelomonocytic leukemia AMML, AMMoL M4 
 Acute monoblastic leukemia AMoL M5A, M5B 
 Acute erythroleukemia AEL M6 
 Acute megakaryoblastic leukemia AMegL M7 
 Acute lymphatic leukemia ALL — 
  Common cALL L1, L2 
  Acute T cell leukemia T cell ALL L1, L2 
  Acute B cell leukemia B cell ALL L3 
  Pre-B cell leukemia PBCL — 
 Acute mast cell leukemia — — 
 
Chronic Chronic myelogenous leukemia CML — 
 Chronic myelomonocytic leukemia CMML — 
 Chronic lymphatic leukemia CLL — 
  Chronic B cell leukemia B cell CLL — 
  Chronic T cell leukemia T cell CLL — 
 Prolymphocytic leukemia PLL — 
 Hairy cell leukemia HCL — 
 
 
 
Modified from Jandl (1996) 
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Table 3.  Estimated frequencies of specific clonal cytogenetic abnormalities among 
children and adults with ALL 
  
Aberration Affected gene Children (%) Adults (%)  
t(12;21) ETV6-CBFA2 22 2 
t(4;11), t(11;19), t(1;11) MLL rearrangements 6 7 
t(1;19) E2A-PBX1 5 3 
t(9;22) BCR-ABL 4 25 
14q11 TCRαδ 4 6 
7q35 TCRβ 3 2 
t(8;14), t(2;8), t(8;22) MYC 2 4 
Hypodiploidy (< 45 chromosomes) 1 4 
Hyperdiploidy (> 50 chromosomes) 25 6 
Apparently random  28 41 
 
 
 
Modified from Pui and Evans (1998). 
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Table 4.  Frequencies of the more common clonal cytogenetic abnormalities in adult 
and childhood AML        

   Adults Children 
   (n = 4257) (n = 1184) 
Cytogenetic abnormality No. (%) No. (%)  
None (normal karyotype) 1922 (45.1) 283 (23.9) 
+8 387 (9.1) 112 (9.5) 
-7/7q- 356 (8.4) 62 (5.2) 
 -7 183 (5.0) 33 (2.8) 
 del(7q) 92 (2.5) 18 (1.5) 
 Loss of (7q) 29 (2.2) 11 (1.3) 
t(15;17)(q22;q21) 325 (7.6) 117 (9.9) 
-5/5q- 305 (7.2) 14 (1.2) 
 -5 105 (2.9) 4 (0.3) 
 del(5q) 146 (4.0) 9 (0.8) 
 Loss of (5q) 18 (1.4) 1 (0.1) 
t(8;21)(q22;q22) 234 (5.5) 137 (11.6) 
inv (16)(p13q22)/t(16;16)(p13;q22) 202 (4.7) 70 (5.9) 
-Y  78 (4.1) 28 (3.8) 
t/inv(11q23) 141 (3.3) 155 (13.1) 
 t(9;11)(p22;q23) 27 (2.1) 54 (6.4) 
abn(12p) 33 (2.5) NA 
+21 79 (2.2) 60 (5.1) 
abn (17p) 42 (2.2) 5 (2.0) 
del (9q) 87 (2.1) 33 (2.8) 
inv(3)(q21q26)/t(3;3)q21;q26) 85 (2.0) 0 
del(11q) 12 (0.9) 11 (1.3) 
t(9;22)(q34;q11) 34 (0.8) 2 (0.2) 
t(6;9)(p23;q34) 29 (0.7) 12 (1.0) 
Complex karyotype with ≥ 3 abn 206 (10.7) 36 (14.3) 
Complex karyotype with ≥ 5 abn 374 (8.8) 31 (5.2) 
 
 
 
 
 
Modified from Mrozek et al. (2004). 
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Table 5.  Examples of genes exhibiting point mutations involved in various 
leukemias 
 
Kirsten rat sarcoma viral oncogene homolog (KRAS) 
Neuroblastoma RAS viral (v-ras) oncogene homolog (NRAS) 
Tumor protein p53 (TP53) 
Acute myelogenous leukemia 1 gene (AML1 or RUNX or CBFA2) 
Mixed lineage leukemia gene (MLL or ALL1 or HRX) 
FMS-like tyrosine kinase 3 (FLT3) 
Core binding factor alpha and beta (CBFα, CBFβ) 
Kit oncogene (c-KIT) 
GATA binding protein 1 (GATA1) 
V-raf murine sarcoma viral oncogene homolog B1 (BRAF) 
CCAAT/enhancer binding protein (C/EBP), alpha (CEBPA or C/EBPα) 
Nucleophosmin (NPM1) 
Colony stimulating factor 1 receptor (CSF1R or c-FMS) 
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Table 6.  Examples of inherited syndromes predisposing to leukemia 
 
Syndrome Altered gene Leukemia/lymphoma  Cancer type 
   Risk   
Ataxia telangiectasia ATM ~12% T-cell lymphoma 
    T-ALL, T-PLL 
    B-cell lymphoma 
 
Bloom  BLM (RECQL3) 25% AML, ALL,  
    Lymphoma 
 
Fanconi anemia 7 FANC genes ~10% AML 
 
Werner WRN (RECQL2) 10% AML 
 
Familial platelet disorder CBFA2 (RUNX1) ~50% AML 
 
Down  +21 >10-fold AML, ALL 
 
Li-Fraumeni TP53 50% for all cancers B-CLL, ALL,  

   CML, Hodgkin’s 
    Burkitt’s 
 
Neurofibromatosis NF1 350X increase JMML, AML 
 
 
Adapted from Segel and Lichtman (2004). 
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Table 7.  Risk factors for childhood acute leukemia, by degree of certainty 
                   
Degree of Certainty Acute lymphoblastic leukemia Acute myeloid leukemia     
Generally accepted risk factors Males Race (Hispanic) 
 Age (2-5 years) Chemotherapeutic agents (alkylating agents, 
 High socioeconomic status topoisomerase II inhibitors) 
 Race (white>blacks) Down syndrome 
 In utero X-ray exposure Fanconi anemia 
 Postnatal radiation (therapeutic) Neurofibromatosis type I 
 Down syndrome Bloom syndrome 
 Neurofibromatosis type I Schwachman syndrome 
 Bloom syndrome Familial monosomy 7 
 Schwachman syndrome Kostmann granulocytopenia 
 Ataxia telangiectasia  
 
Suggestive of increased risk Increased birth weight Maternal alcohol consumption during pregnancy 
 Maternal history of fetal loss Parental and child exposure to pesticides 
  Parental solvent exposure 
 
Limited evidence Parental smoking prior to or during pregnancy Maternal marijuana use during pregnancy 
 Parental occupational exposures Indoor radon 
 Postnatal infections Postnatal use of chloramphenicol 
 Diet  
 Vitamin K prophylaxis in newborns 
 Maternal alcohol consumption during pregnancy 
 Electric and magnetic fields 
 Postnatal use of chloramphenicol 
 
Probably not associated Ultrasound 
 Indoor radon 
  
From Bhatia et al. (1999) 
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Table 8.  Examples of known and likely human leukemia-inducing agents. 
 
Agents widely recognized as human leukemia-inducing agents 
Busulfan Chlorambucil 
Methyl-CCNU Melphalan 
Treosulphan Thio-TEPA 
Etoposide Bimolane 
Benzene Tobacco smoke 
Ionizing radiation Human T-cell lymphotrophic virus type 1 
  
Human carcinogens with some evidence of an association with leukemia 
Vinyl chloride Ethylene oxide 
Formaldehyde 
 
Likely human leukemia-inducing agents 
BCNU CCNU 
Cisplatin Nitrogen mustard 
Procarbazine Chlorozotocin 
1,3-Butadiene Teniposide 
Adriamycin Chloramphenicol 
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Table 9. General characteristics of human leukemias induced by recognized leukemia-
inducing agents.   
 

Agent Diseasea FABb MDSc Chromosome 

Abnormalities 

Latency 

(yrs)d 

Ionizing radiation AML M1-M6 +++ -7,-5,7q-,5q- 5-7 

 ALL L1-L2   8 

 CML   t(9;22) 5 

Alkylating agents AML M1,M2 +++ -7,-5,7q-,5q- ~5 

Epipodophyllotoxin 

Topo II inhibitors 

AML M4,M5 + t(11q23) 2-3 

Dioxopiperazine 

Topo II inhibitors 

AML M2,M3 + t(8;21) 

t(15;17) 

3 

Benzene AML M1,M2,M6 

{M3, others?} 

++ Mixede 10-15 

 
aAML- acute myeloid leukemia, ALL – acute lymphocytic leukemia, CML – chronic 

myelogenous leukemia 
bPrincipal leukemia subtypes classified according to the French-American-British (FAB) 

system.   
cMDS – myelodysplastic syndrome 
dApproximate median latency period. 
eClonal chromosomal abnormalities are present but the karyotypes reported to date have 

been inconsistent.   

 

Adapted from Eastmond (1997) and Eastmond et al. (2005). 



 109 

Table 10.  Examples of polymorphic enzymes and genes associated with an altered risk 
of leukemia or myelotoxicity in patients or highly exposed individuals.   
 
Phase 1 xenobiotic metabolizing enzymes 
NAD(P)H quinone oxidoreductase 1 (NQO1) 
Cytochrome P450 monooxygenases (CYP1A1, 2E1, 3A4) 
Myeloperoxidase (MPO) 
 
Phase 2 xenobiotic metabolizing enzymes 
Glutathione S-transferases (GSTM1, GSTT1) 
Thiopurine methyltransferase (TPMT) 
 
DNA synthesis or repair enzymes 
Methylenetetrahydrofolate reductase (MTHFR) 
DNA mismatch repair enzyme (hMSH2) 
DNA base excision repair enzyme (XRCC1) 
 
Membrane transporter 
Multidrug resistance gene (MDR1) 
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Figure 1.  Different genetic pathways in t-MDS and t-AML. Modified from Pedersen-Bjergaard et al. (2002) 
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Figure 2. Biological markers in the continuum between exposure and leukemia.  Modified from NRC (1987).
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Figure 3. Refinement of exposure and dose-related biomarkers for a DNA-reactive 
leukemia-inducing chemical.  Modified from Dahl (1990) and IPCS (1993). 
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